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An ana ly t i c  and experimental i nves t iga t ion  i n t o  the  effects of  
blade t i p  clearance on inducer performance, and of l ead ing  edge sweep- 
back on both blade pressure loading and performance was performed. 

A t i p  vortex flow model was incorporated i n t o  a previously devel- 
oped inducer i n t e r n a l  flow analysis  t o  represent  t i p  clearance e f fec ts .  
Calculated vortex c i r cu la t ion  from the bas i c  analysis  was found t o  be 
u n r e a l i s t i c a l l y  l a r g e  and t h e  c i r cu la t ion  was reduced empir ical ly  to 
improve the co r re l a t ion  between predicted and measured idea l  head data  . 
The empirical  cor rec t ion  was cons is ten t  with the work of o ther  i nves t i -  
gators. 
r e l a t ionsh ip  which was obtained from previous work. 
non cav i t a t ing  performance data  a t  these d i f f e r e n t  t i p  clearances,  which 
were a v a i l a b l e  from a previous program, were cor re la ted  aga ins t  predic- 
t ions.  The co r re l a t ion  of  i d e a l  head rise VS, t i p  clearance data  was 
exce l len t ,  Measured lo s s  data  indicated the exis tence of an optimum 
t i p  clearance which cannot be predicted by the  flow model, bu t ,  i n  
general, cor re la t ion  of the l o s s  data  was reasonably good. Complete 
cavi ta t ing  performance data  a t  the three  t i p  clearances were n o t  ava i l -  
able  and no predicted VS. measured co r re l a t ion  was performed, 

Tip clearance lo s ses  were p red ic t edwi th  a semi-empirical 
Measured inducer 

The leading edge sweepback flow model had been previously incorpor- 
a ted  i n  the inducer flow ana lys is .  Two inducer t e s t  s e r i e s  were conducted 
during which inducer blade pressures and perforniance were measured a t  two 
leading edge sweepbacks. 
d ic t ions  when cav i t a t ion  cav i t i e s  were less than 30% of inducer a x i a l  
length ind ica t ing  t h a t  t h e  flow model is adequate f o r  use i n  blade 
stress ca l cu la t io r s .  Whencavities were longer  than 30% l ength  Fredic- 
t ions  general ly  agreed with the measured data  f o r  t he  8 deg (.14 rad)  
and were longer than measured f o r  t h e  16 deg. (.28 rad)  sweepbacks. 
Honcavitating i d e a l  head predict ions were i n  good agreement with measured 
data,  bu t  l o s s  data  co r re l a t ion  was poor, probably because of cavi ta t ion  
cavi ty  associatkd 10s ses  . 
an increase i n  suct ion capab i l i t y  wi th  increasing sweepback and the 
measured cavi ta t ing  performance data  cor re la ted  c lose ly  with the  pre- 
d ic ted  data. 

Blade pressure data  cor re la ted  w e l l  with pre- 

Measured cavi ta t ing  performance data  showed 



SECTION I 
INTRODUCTION 

Pump fed l i q u i d  propel lan t  rocket  engines depend on high speed 
l ightweight  turbopumps t o  supply t h e  required pressure/flow conditions 
t o  t h e  chamber, 
propel lants  mst be delivered to the i n l e t s  a t  conditions t h a t  a r e  com- 
pa t ib l e  with the c a p a b i l i t i e s  of the pumping elements, t h a t  is, a t  pres- 
sure  l e v e l s  reasonably above t h e  vapor pressure of the respec t ive  proRel- 
l a n t s  so a s  t o  minimize pump cav i t a t ion  and performance degradation, 
This can be accomplished by u t i l i z i n g  inducers  capable of t r a n s i e n t  and 
s teady  s t a t e  operation a t  varying degrees of cav i t a t ing  conditions. 

I n  order f o r  these  pumps t o  perform s a t i s f a c t o r i l y ,  

These inducer performance requirements l ead  t o  the design of high 
s o l i d i t y  (2-3) a x i a l  blade rows u t i l i z i n g  blades with t h i n  leading edges 
t o  minimize l o c a l  f l u i d  accelerat ions and achieve maximum cav i t a t ion  
performance, The predict ion o f  loads , s tresses , and v ibra t ion  resonant 
frequencies of such blades a r e  necessary funct ions i n  the  design of the 
blFding, The goals of t h i s  NASA funded program were to develop and ex- 
perimentally subs t an t i a t e  computer programs f o r  the predict ion of inducer 
blade loads,  s t r e s s e s  and v ibra t ion  cha rac t e r i s t i c s ,  

Analyses of inducer blade hydrodynamic loading, s t r e s ses ,  and vibra- 
t i on  cha rac t e r i s t i c s  were prepared, and a tes t  program was conducted i n  
which blade sur face  pressures and s t r e s s e s  were measured on an operating 
inducer. Data from these  tests were then cor re la ted  with predict ions 
and the cor re la ted  da ta  ind ica ted  t h a t  t he  inducer i n t e r n a l  f l o w  ana lys i s  
accura te ly  predicted blade loads f o r  t he  one inducer tes ted.  
ana lys i s  also predicted inducer performance accurately,  Predict ions from 
the  s t r e s s  and v ibra t ion  programs a l so  agreed very c lose ly  with t e s t  data. 
The flow analysis accounted f o r  blade leading edge sweepback, which 
afEet.t; both blade loading and performance, but no t e s t  data were ava i la -  
b l e  f o r  correlat ion.  Tip  clearance e f f ec t s ,  which were seen to have a 
s i g n i f i c a n t  e f f e c t  on performance during t h e  t e s t i n g  phase of the program 
were no t  accounted f o r  i n  the ana lys i s .  These areas were selected f o r  
fu r the r  s tudy  and the  r e s u l t s  of t h i s  e f f o r t  a r e  reported i n  t h i s  volume. 
The previous work i s  reported i n  Volume I (l)* - arid t h e  computer programs 
a r e  l i s t e d  and described i n  Vdlume I1 ( 2 )  . 
with the  l a t e s t  computer program changes and re-issued k i t h  t h i s  volume. 

The flow 

Volume I1 is being updated 

* Underlined numbers i n  parentheses r e fe r  t o  references which a re  
l i s t e d  i n  Section V I 1  



n a l  
i n g  

The object ives  of the work reported he r in  were t o  expand the or ig i -  
inducer i n t e r n a l  flow analysis t o  include the capab i l i t y  of predict-  
the  effects of t i p  clearance on performance, and of leading edge 

sweep on both performance and blade loading; and t o  demonstrate these 
c a p a b i l i t i e s  by co r re l a t ing  predicted da ta  with tes t  data. 
s i s t e d  of t he  following two tasks ,  which are numbered consecutively from 
the o r i g i n a l  program tasks. 

The work con- 

.. 

Task VI1 - Tip Clearance Model 
i 

The previous analyt icJreatment  of the  blade t i p  w a l l ,  o r  
housing, as a ro t a t ing  shroud was revised t o  treat the  w a l l  as a 
s t a t iona ry  member and t o  consider the e f f e c t  of blade t i p  leakage 
on the boundary layer and on the main flow. Predicted data were 
cor re la ted  w i t h  inducer head rise and hydrodynamic e f f i c i ency  
measurements from the  Task VI tes t ing.  

Task VI11 - Blade Leading Edge Sweepback 

The inducer from the  o r i g i n a l  program w a s  reoperated t o  an 
8 deg (.a r ad )  and a 16 deg (.28 rad)  cone angle leading edge 
sweep and tes ted  a t  each sweep angle to  obta in  measured performance 
and blade pressure data. 
data  were co r re l a t ed  with the  ana ly t i c  predictions.  

Measured blade pressure and performance 

Details of these e f f o r t s  are discussed i n  t h i s  volume under the 
funct ion sec t ion  headings of "Test Apparatus and Procedure, Test Results, 
Analysis, etc". I n  areas where the previous e f f o r t  was duplicated,  such 
a s  t h e  test  apparatus, instrumentation, and procedure, only a b r i e f  de- 
s c r i p t i o n  i s  given i n  the  i n t e r e s t  of completeness. 
t o  Volume I f o r  de t a i l .  
data  cor re la t ions ,  are repeated i n  t h i s  volume. 

Reference i s  made 
Test da ta  from Volume I, which were used i n  the  

4 



SECTION I1 
TEST APPARATUS AND PROCEDURE 

A. Inducer 

The inducer used i n  the follow-on work was designed i n  Task 111 
and fabr ica ted  i n  Task V of  the  o r i g i n a l  program and these e f f o r t s  are 
reported i n  (9. 
diameter, and J-blade type of blading ( h e l i c a l  f r o n t  port ion,  cambered 
r e a r  port ion) .  The i n l e t  sec t ion  i s  h e l i c a l  through a s o l i d i t y  of ap- 
proximately 1.0.  
hub and blade t i p  contours are shown i n  f igu re  1. The inducer was ma- 
chined from ti tanium and is  p ic tured ,  with instrumentation grooves on 
the  blades,  i n  f igu re  2. 

The inducer has  a constant  t i p  diameter, va r i ab le  hub 

Basic design parameters are l i s t e d  i n  Table 1 and the  

Table I. Basic Inducer Design Parameters 

I n l e t  Exit 

Hub Diameter, i n .  (em) 
Blade Angle-Tip, deg (rad) 
Blade Angle-Hub, deg (rad) 

Tip Diameter, i n .  (cm) 
Blade Thickness, i n .  (cm) 
Number of Blades 

Flow Coeff ic ient  
Head Coeff ic ient  
Suction Spec i f ic  Speed 

(100% Head Fa l lof f )  

Flow Rate, Gpm (m3/S) 
Rotor Speed, rpm (rad/s) 

2.8 (7.1) 3.74 (9.5) 
8 (0.14) 10 (0.18) 

19.35(0.339) 18.25 (0.318) 

7.0 (17.8) 
0.130 (0,330) 
3 

0.07 
0.24 

30,000 (min) 

1060 (0.067) 
4900 (513) 

The inducer  was reoperated t o  an 8 deg (.1h rad) lead ing  edge 

Leading edge sweep angle (a) is  defined as shown i n  
sweep and then  a 16 deg. (.28 rad)  leading edge sweep f o r  t e s t i n g  i n  
t h i s  program. 
f i g u r e  3. The leading edge suc t ion  sur face  was machined p a r a l l e l  to the  
tangent ia l  d i r ec t ion  f o r  each sweep angle a s  shown i n  the t i p  sec t ion  
drawing of f i g u r e  3 .  Sweep angles were se l ec t ed  to provide test data  over 
over what was considered t o  be the maximum range of i n t e r e s t  i n  inducer 
design. Quant i ta t ive  pzrametric da t a  concerning optimum sweep angle f o r  
Lest  performance are no t  ava i lab le ,  b u t  16 degrees (.24 rad) i s  approxi- 
mately the maximum t h a t  has been used i n  engine appl icat ions.  Eight  
degrees (.l4 rad)  was se lec ted  as the o the r  sweep angle t o  be tes ted .  
Photograms of the inducer hiith the two sweeps a r e  shown i n  f igu res  4 
and 5. 

Blzde t i p  wrap angles  which correspond t o  the 8 and 16 degree cone 
angles a r e  approximately 35 and 75 degrees (.61 and 1.31 rad)  respectively.  



The loca t ion  of  the  t i p  leading edge f o r  t he  two sweep-backs is  indicated 
on the  contour curve of  f igu re  1. 
h e l i c a l  i n l e t  sec t ion  o f  the  blading and, as a r e s u l t ,  blade i n l e t  metal 
angle was unchanged. 

Both sweep angles  were within the  

B. Test F a c i l i t y  

The sweptback inducers were t e s t ed  i n  the  same water loop t h a t  was 
A 

The 5 inch 
used i n  the  previous t e s t i n g  o f  t h e  r a d i a l  leading edge inducer. 
schematic of the  t es t  f a c i l i t y  (D-34) is shown i n  Figure 6. 
(12.70 cm) diameter l e g  was used during the  cont rac t  t e s t ing ,  with the  
two 8 inch (20 cm) l egs  blocked o f f .  
motorized t h r o t t l i n g  valve. 
accumulator located approximately 1 2  feet (3.65m) upstream of the  t es t  
r ig .  Screens were i n s t a l l e d  j u s t  downstream of  the  accumulator f o r  less 
than atmospheric i n l e t  pressure t e s t  points .  
t i o n a l  pressure drop necessarz f o r  the regulat ion of i n l e t  pressure down 
t o  approximately 4 p s i  (3N/cm ) absolute .  

flow rate was regulated with a 
I n l e t  pressure w a s  control led with a water 

This provided the  addi- 

The tes t  r i g  i n  which the  sweptback configurations were t e s t ed  a l s o  
remained the same as t h a t  previously used with the r a d i a l  inducer. 
r i g  was designed i n  task 111 as reported i n  (1) and i s  shown i n  Figure 7. 
The design allowed f o r  the  i n s t a l l a t i o n  of  the pressure scanning valve i n  
the  inducer hub and the  rout ing of  a l l  pressure tubing and e l e c t r i c a l  
connections necessary f o r  i t s  operation. 
it appeared i n s t a l l e d  i n  the t es t  loop. 

The 

Figure 8 shows the  t e s t  r i g  as 

C.  Instrumentation 

Both performance and blade surface pressure data were taken f o r  
each inducer configuration t e s t ed .  
same as t h a t  used i n  the  i n i t i a l  t e s t ing  and is  described b r i e f l y  i n  
the  following paragraphs. 

Instrumentation was es sen t i a l ly  the  

1. Performance Instrumentation 

Pressures were measured from wall taps  and probes t h a t  were lo- 
cated as shown i n  Figure 9 .  
c i s ion ,  (2  0.2% F.S.), Heise pressure gages. I n l e t  t o t a l  pres- 
sure  was measured with K i e l  probes on t h e  pipe center l ine  up- 
stream of  the  inducer. I n l e t  and exit flow d i s t r ibu t ions  were 
measured with wedge type to t a l - s t a t i c  probes i n s t a l l e d  i n  manual 
t raverse  f ix tu re s .  These wedge probes were nulled using a 
d i f f e r e n t i a l  pressure gage connected across  the two s t a t i c  
taps. Probe t raverse  depth and flow angle were read o f f  ver- 
n i e r s  on the f i x t u r e .  The wedge probes were a l l  ca l ibra ted  
p r i o r  t o  use and t h i s  data was u t i l i z e d  t o  cor rec t  measured 
s t a t i c  pressures. 

A l l  pressures  were read from pre- 



Flow was measured with a turbine flow meter located i n  the  5 
inch (12.70 cm) l e g  o f  t he  loop. 
using a chromel-alumel thermocouple i n  the  i n l e t  l i n e .  
was measured by e l ec t ron ica l ly  counting the  output  of  a mag- 
n e t i c  transducer which sensed the  passing frequency of  a 60 
tooth gear on the r i g  dr ive sha f t .  
the  performance instrumentation and the  maximum e r r o r  which was 
estimated f o r  each reading. 

Temperature was measured 
Speed 

Table 2 lists a summary of  

2. Blade & Hub Pressure Instrumentation 

Inducer blade and hub s ta t ic  pressures  were measured using a 
pressure scanning valve transducer assembly* located i n  the  in- 
ducer hub as shown i n  f igu re  10. 
d r i l l e d  i n t o  .040 dia .  (1.016 mm) tubes which were recessed 
i n t o  the  blade surfaces .  These tubes were routed t o  the  f r o n t  
of  t he  inducer and connected t o  the pressure  scanning valve- 
transducer assembly. 
sequent ia l ly  connecting each pressure tube t o  the  s ing le  t rans-  
ducer which was loca ted  on the  valve and inducer center l ine .  
The scanning valve-transducer assembly is  shown i n  Figure 11. 
The pressure scanning valve was modified t o  provide a purge 
supply t o  each tube as  the  valve ro ta ted .  Without the  purge, 
water would back up i n t o  each tube u n t i l  t he  cen t r i fuga l  head 
developed by r o t a t i o n  of the inducer equaled the pressure  on 
the  surface of the  blade.  The transducer i n  the scanning valve 
would sense a pressure lower than surface pressure by the  
amount of cen t r i fuga l  head. To el iminate  t h i s  problem, the  
valve case was sealed so it could be pressurized and a purge 
hole  was added t o  the r o t o r  immediately ahead of the  sensing 
groove. The case was pressurized from an  a i r  supply t o  a value 
higher than the  h ighes t  an t i c ipa t ed  blade surface pressure.  A s  
the r o t o r  advanced each tube was purged and the water blown o u t .  
When the transducer was connected t o  a tube and the purde cut-off 
t o  t h a t  tube,  the a i r  i n  the tube remained a t  the pressure on 
the surface of the blade. 

Blade pressure t aps  were 

The scanning valve ro t a t ed  i n  48 s teps ,  

Blade pressure tap  loca t ions  f o r  t he  two swept leading edge tes t  
series are shown i n  Figure 12  and coordinates are l i s t e d  i n  
Table 3 .  
eliminated from the  pressure surface and three  from the  suct ion 
surface when the  blades were swept back t o  8'. These t aps  were 
relocated t o  provide add i t iona l  suc t ion  surface pressures .  The 
removed and re loca ted  pos i t ions  are indicated on Figure 12.  Two 
t e s t  series were conducted f o r  each sweep back configurat ion,  
one with pressure t aps  near  the  t i p  and one with them a t  midspan 
( R l  and R2 o f  Figure 12) .  The shape o f  t he  leading edge pre- 
vented some of the  blade pressure t aps  from being loca ted  on a 

Two o f  the  blade angular pressure  tap  loca t ions  were 

* Scanivalve Corporation, San Diego, Cal i fornia ,  Model 48D9 Special  
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design streamline and these a re  indicated on Table 3 .  
which were obtained from these Itoff -streamlinet1 posi t ions were 
used f o r  reference. 
seen on the blades i n  f igures  4 and 5 ,  

Data 

The pressure t ap  instrumentation can be 

Hub pressure t ap  loca t ions  were the same a s  f o r  previous tests, 
the first a t  .25 i n  (,63 cm) a x i a l l y  ins ide  the leading edge 
plane and four more spaced a t  .75 i n  (1.91 em) increments, 

Figure 13 shows an exploded view of the inducer, scanning valve, 
and r e l a t ed  hardware i n  the order i n  which it was i n s t a l l e d  i n  
the r i g .  Table 4 summarizes the instrumentation t h a t  was used 
to  measure blade pressures and ca l cu la t e  operating conditions, 

D. Test  Procedure 

1, Performance Tests 

Non cavi ta t ing  performance tests were conducted by s e t t i n g  a 
speed, flow, and i n l e t  pressure and manually t ravers ing the 
flow a t  the inducer i n l e t  and e x i t .  Total and s t a t i c  pressure 
and flow angle were measured a t  each of seven r a d i a l  s t a t i o n s  
(spaced a t  equal area increments) , 
and from other  instrumentation (Table 2 )  were recorded on the 
t e s t  log sheet ,  

Measurements from the probes 

Cavi ta t ing t e s t s  were conducted by s e t t i n g  a speed and a flow, 
and reducing i n l e t  pressure i n  four o r  f i v e  s t e p s  u n t i l  in -  
ducer pressure r i s e  dropped a t  l e a s t  t e n  percent. A complete 
s e t  of data was manually recorded a t  each i n l e t  pressure se t -  
t ing.  
these t e s t s  and the discharge t raverse  probe was se t  a t  the 
r a d i a l  t raverse  s t a t i o n  which was found t o  be most representa- 
t i v e  of mass averaged t o t a l  head during the  non cavi ta t ing 
t e s t s  , 

The i n l e t  t raverse  probe was completely removed f o r  

2. Blade Pressure Tests 

8 

Blade pressure t e s t  data  were a l so  taken w i t h  the  i n l e t  t raverse  
probe removed and the discharge probe s e t  a t  the mass average 
representat ive s t a t ion .  Non cav i t a t ing  and cav i t a t ing  t e s t s  
were conducted i n  the same manner a s  performance tests. The 
recording procedure included s e t t i n g  the t e s t  point conditions 
(speed, flow and i n l e t  pressure),  applying the purge aFr to 
the  pressure scanning valve, s t a r t i n g  the F'M tape recorder, and 
then actuat ing the pressure scanning valve, The valve auto- 
mat ical ly  made one complete revolution, a t  approximately one 
po r t  per second, 
s i b l e  t o  insure t h a t  no blade pressure data were l o s t  because 
of water i n  t he  t ap  l i n e ,  
creased by 25% t o  100 psia  (69 N/Cm2) maximum case pressure and 
100 psia (69 N/Cm2) maximum case t o  sensing po r t  d i f f e r e n t i a l  
over the previous r a d i a l  inducer t e s t s  and purge pressures, 

Valve purge pressure was s e t  as high as pos- 

The valve operating limits were in-  



E. Data Reduction 

1, Performance 

Performance data  were czlculated from manually recorded pres- 
sure, temperature, flow, ro t a t ive  speed, and flow angle using 
the equations i n  Table 5. Gage height above the inducer a x i s  
and probe s t a t i c  pressure e r r o r s  from a l l  ca l ib ra t ions  were 
taken i n t o  account before f l u i d  heads were calculated.  Inducer 
ove ra l l  performance was calculated from an upstream s t a t i o n  
(PTUP i n  Figure 9 )  t o  -the e x i t  t raverse  s t a t ion ,  The upstream 
s t a t i o n s  was used i n  preference t o  the i n l e t  t r ave r se  s t a t i o n  
t o  prevent inaccuracies i n  the i n l e t  t raverse  da ta  from affec-  
t i n g  ca lcu la ted  performance, 

Figure 14 gives the r e l a t i v e  e r ro r s  of the in tegra ted  to mea- 
sured flows f o r  t h e  8' and 16' (,14 and .28 rad)  sweepback in -  
ducers. 
t h a t  the ove ra l l  accuracy of the  performance data  i s  good. 

The agreement i s  general ly  within s%, indica t ing  

2. Blade Pressure 

It was o r i g i n a l l y  intended t o  reduce the  blade pressure d i s t r i -  
bution data  automatically from the FM data  tapes,  using the 
equations of t ab le  5, 
setups had been used during the course of the program as various 
pieces of  equipment were f reed  f o r t h i s  work and other  in-use 
pieces were required elsewhere. This f a c t ,  coupled with missed 
sequences of the pressure scanninp valve and various other  tape 
i r r e g u l a r i t i e s ,  necessi ta ted a rework of the axtomatic data  re- 
duction system between almost  every run, 
reduction of data f rom two tests i n  t h i s  manner, i t  was con- 
cluded t h a t  the automatic system was too c o s t l y  i n  terms of the 
degree of increased accuracy a s  compared to manually reduced 
osci l lograph data. Tape work was therefore  discontinued and a l l  
data was reduced from t he  osci l lograph t races .  Data f rom the 
osci l lographs were manually converted to  pressures and head co- 
e f f i c i e n t s  using ca lcu la tors ,  

Different  tape recorders and recording 

Subsequent t o  the  
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Table 5. Performance Data Reduction Equations 

A. Blade Element Performance 

Fluid Velocity: V = G i , j - h i , j )  

Fluid Axial Velocity: Vz = V s i n  a 

Fluid Tangential Velocity: Vu = V cos CY 

Idea l  Head Rise: H I  =- 'e'ue (Assumes V = 0) 
uo ?z 

H = 5 1 PT - H, Actual Head Rise: 

Head Rise Coefficient:  4 = g APT 
p v -  

. g(H1 - H) Head Loss Coefficient:  

V 
Flow Coefficient:  9 = ,A, 

'T 

Efficiency: t) = - H 
H I  

Net Pos i t ive  Suction Head: NPSH = Hm- h, 

B . Overal l  Performance 

RT u v  - IRH vz %y lLR 
Average Idea l  Head a t  an  Axial Stat ion:  H I  = 

j xRT vz RAR 
Ek 

Average I n l e t  Velocity: - Vzo - - -L 

1 4  



V 
Average Flow Coefficient:  

- - 
Average Head Coefficient:  & = 4 

- 
Average Efficiency: - H  7 = - 

H I  

- -  
Average I n l e t  S ta t ic  Head: h = Ho - 2  - 

2g 

- 2 d h 0  - hv)* 
Cavitation Number: K = 

- 2  2 v 4- UT 
20 

S t a t i c  Head Coefficient:  $E = 

UT2 
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Figure 1. Inducer Flow Path and Blade Angle FD 25798B 
Distribution 
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I -  

Figure 2. View of Radial Leading Edge Inducer 
After Machining and Before Installation 
of Pressure TubFng 

r - - - -  I SWEPT 
LEADING 
EDGE 

0.030 
0.076 

in. 
cm 

m 88107 

I 

8 deg 0.130 in. 
rad 0.330 cm 

TIP LEADING EDGE SHAPE 

a I X I v 
degl rad I - in. I C m I  in. I cm 

0.936 2.380 0.035 0.09 1 I: I ",;: I 1.244 I 3.160 1 0.043 I 0.11 1 
Figure 3. Definition of Leading Edge Sweep Angle FD 6x30 
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Figure 4. 8 Degree (0.14 radian) hading Edge 
Sweepback Inducer 

FE 1- 

Figure 5. 16 Dew (0.28 radian) h a d i n g  Edge 
Sweepback Inducer 



Vacuum Pump Motorized 
Flow Valve 

Manually Operated 
Flow Valve 

Motorized 
Flow Valve 

Vortex 
Generator 

I r Degassing Tower ”\ I I DC l l  
Pickup Tube > WL2-T #-- Fill Pump r Torque Meter 1 

Figure 6 .  Schematic of Water Flow Loop FD l9703E 

Rubber Bearing 7 Inducer 

Strain Gage Lead 

Figure 7. Inducer T e s t  Rig FD 21423C 



Figure 8. Overall V i e w  of Test Rig m 89984 

Figure 9. Performance Pressure Instrumentation 
Locations 

FD 48166 
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Pressure Scanning 
Valve Assembly 7 Solenoid Lead 

1 Inducer '\ Typical Pressure Tap 

Figure 10. Pressure Scanning Valve 
i n  Inducer Hub 

FD 2581211 

Figure 11. Pressure Scanning Valve - Transducer 
Assembly 

FE 94089 
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8 deg (0.14 rad) Sweepback Inducer 16 deg (0.28 rad) Sweepback Inducer 

1 

Figure 12. Inducer Blade Pressure Tap Locations FD 61211 

Figure 13. Exploded V i e w  of Inducer and Pressure 
Scanning Valve 
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SECTION I11 
TEST RESULTS 

A .  T i p  Clearance Tests 

Task V I 1  required modification of t he  Inducer Hydrodynamic Program 
t o  account for  the  e f f e c t s  of blade t i p  clearance on inducer performance. 
Test  data from Task V I  of the  o r ig ina l  program (2) was t o  be correlated 
with predictions from the modified program. A review of the t i p  clearance 
data i s  given i n  t h i s  sect ion.  

A s  explained i n  (l), t he  o r ig ina l  blade t i p  clearance selected for  
t he  r a d i a l  leading edge inducer was .061 i n .  (0.155 cm). The reverse 
flow measured a t  the  inducer t i p  with t h i s  clearance could not be handled 
by the two-dimensional meridional streamline analysis  used i n  the hydro- 
dynamic computer program. A'study resu l ted  i n  reducing reverse flow by 
reducing t i p  clearance from .Oh1 in .  (0.155 cm) t o  .021 in .  (0.054 cm). 
This provided a reduction i n  prerotat ion and led t o  the  design and use 
of a new housing with a clearance of .011 in .  (.028 cm). Thus data were 
gathered i n  th ree  d i f f e ren t  blade t i p  clearances during the r a d i a l  inducer 
t e s t  program. Another t e s t  program, reported i n  (3) ,  - resul ted i n  addi t io-  
a 1  data a t  the ,011 in ,  t i p  clearance. 

Figure 15 compares the  r a d i a l  d i s t r ibu t ions  of the i n l e t  flow angle 
of t h e  r a d i a l  inducer a t  the three t i p  clearances. Angles a re  measured 
from the a x i a l  d i r ec t ion  so t h a t  the amount of prerotat ion present i s  a 
d i r e c t  function of the  magnitude of the flow angle. Pure a x i a l  flow has 
an angle of zero degrees, while angles grea te r  than 90 degrees (1.57 rad) 
ind ica te  backflow. 
appreciably helps the prerotat ion problem. Not only does the  flow more 
c lose ly  approach a x i a l  flow for  a large percentage of t he  inducer i n l e t  
radius ,  but the prerotat ion t h a t  does remain a t  the  t i p  i s  reduced t o  l e s s  
than 90 deg (1.57 rad). The reverse flow was e s sen t i a l ly  eliminated a t  
flow coef f ic ien ts  grea te r  than the  .070 fo r  t he  reduced clearances of 
.021 in .  (.054 cm) and .OP1 i n .  (.028 cm). Prerotation was e n t i r e l y  
eliminated a t  a flow coe f f i c i en t  of .096. 

It can be seen t h a t  reducing the t i p  clearance 

The e f f e c t s  of t i p  clearance on noncavitating performnee can be 
seen i n  Figures 16 and 17 where e f f ic iency  and head coef f ic ien t  a r e  
plot ted as  functions of flow coef f ic ien t  and clearance/blade height r a t i o  
respectively.  
occur, no t  f o r  the minimum t r p  clearance, but f o r  the ,021 in. clearance 
ind ica t ing  the  existence of an ttoptimum" clearance. It was s ta ted  i n  (1) 
t h a t  the  drops i n  e f f ic iency  and head coe f f i en t  a t  a clearance of ,011 Tn. 
might have been caused by the instrumentation on the blades which c a s t  
some doubt on the  IIoptimmP clearance conclusion. Additional t e s t s  were 
conducted i n  the program of (3)using an inducer wi th  no blade instrumen- 
t a t i o n  and the results correlFted closely with the previous data, which 
confirms t h a t  an optimum clearance does exist, 

A s  noted i n  (l), t h e  maximum ef f ic iency  and head r i s e  

Complete cav i t a t ing  performance data were no t  avai lable  f o r  the 

garding the e f f e c t  of clearance on cavi ta t ing  performance could not  be made. 
a t  a common flow coef f ic ien t  and a conclusion re- 

25 



B, Leading Edge Sweepback Tests 

The r e s u l t s  of the performance and blade pressure loading t e s t s  
conducted during Task VI11 f o r  the two sweep leading edge inducer con- 
f igura t ions  a r e  given i n  the following paragraphs, 

1. Performance Tests 

A summary of performance t e s t  points which were run for the 8 and 
16 deg (,14 and ,28 rad) leading edge sweep inducers i s  given i n  Table 6. 
A l l  performance data were taken a t  a t i p  speed of 150 f t / s ec  (45.6 m/s) 
and a t  a t i p  clearance of ,011 i n ,  (0.028 cm). Noncavitating and cavi-  
t a t i n g  t e s t  r e su l t s  a r e  discussed separately i n  the following paragraphs, 

a. Non-Cavitating 

Non-cavitating operation i s  defined here as operation a t  an i n l e t  
pressure where a degree of cav i t a t ion  can e x i s t  bu t  is  not detrimental  
t o  performance, 
ximately 106 f t  (32.3 m) which i s  approximately s i x  times the value a t  
which head f a l l  o f f  occurred. 

All non-cavitating t e s t s  were run a t  an NPSH of appro- 

Mass averaged non-cavitating performance fo r  the two swept inducer 
t e s t s ,  aLong with the r ad ia l  test data from (l), i s  shown i n  figure 18, 
The data show t h a t  the addition of an 8 deg (T14 rad) sweep to the  
leading edge ra i sed  e f f ic iency  by approximately 6 points. 
sweep angle was increased to 16 deg (,28 rad) e f f ic iency  decreased t o  
within 3 points above the r a d i a l  inducer values, 
have negl ig ib le  e f f e c t  on head coef f ic ien t ,  the small difference i n  
f igu re  18 could be a t t r i b u t e d  t o  data sca t t e r .  

When t h e  

Sweep angle seemed t o  

Head coe f f i c i en t  and ef f ic iency  a r e  shown p lo t ted  vs sweep angle i n  
f igu re  1 9 ,  
angle (from the non cavi ta t ing  performance stand point)  which is  between 
0 and 16 deg (0 t o  .28 rad)  f o r  t h i s  inducer. 

This f igure  shows c l ea r ly  the existence of an optimum sweep 

The r a d i a l  d i s t r ibu t ions  of the i n l e t  flow parameters (flow angle, 
ax i a l  ve loc i ty  and t o t a l  head) f o r  both the 8O and 16' (.14 and ,28 rad) 
sweepback inducers a r e  given i n  f igure  20. 
a r e  s imi l a r  and show t h a t  prerotat ion,  as evidenced by i n l e t  flow angle, 
is present i n  a l a r g e r  pa r t  of the  i n l e t  flow f i e l d  than it was f o r  t he  
r ad ia l  inducer, 
f igurat ions a t  flow coef f ic ien ts  of approximately .090 and less. 
r a d i a l  inducer d id  not  have back flow a t  the ,011 i n  ( ,028 cm) t i p  clear- 
ance which was used for t he  swept inducers. It should be noted t h a t  as  
the inducer blade is swept, t he  fixe9 probe measurement s t a t i o n  becomes 
f a r t h e r  from the blade, 
t i on  nearer t o  the blade leading edge, 

Data f o r  bath sweepbacks 

Back flow was noted a t  the  t i p  of both sweepback con- 
The 

I n l e t  f l a w  may have a l a rge r  amount of prerota- 

The r a d i a l  d i s t r ibu t ions  of the discharge flow parameters (includ- 
ing head coef f ic ien t ,  eff ic iency,  deviation angle and i d e a l  head coef f i -  
c i en t )  a r e  shown i n  f igure  21, 
from one configuration t o  another is verysmal l .  

The r e l a t i v e  change i n  these parameters 
This i s  as expected 

26 



s ince  t h e  i n l e t  of the  inducer was the only  th ing  being changed and the 
e f f e c t  on average performance was s l i g h t .  
i n  the parameters a t  the e x i t  between any of the inducer designs shows 
up i n  the  discharge i d e a l  head coe f f i c i en t  d i s t r ibu t ions .  
coe f f i c i en t s  a t  the outer  streamlines of the  16' (.28 rad) sweptback in-  
ducer a r e  somewhat higher than those of t h e  8' (.14 rad)  sweptback inducer, 

b. Cavitdting 

The only  s i g n i f i c a n t  d i f fe rence  

The  i d e a l  head 

Cavitating performance tests of the  two sweptback designs were con- 
ducted i n  conjunction with t h e  blade pressure tests.  This provided four 
o r  f i v e  da ta  points during each tes t  run. A l l  runs were performed twice, 
the f i r s t  t i m e  wi th  the  pressure t aps  a t  one radius,  and again with the  
pressure taps  a t  the  o ther  radius.  An attempt w a s  made t o  s e t  t he  same 
i n l e t  pressure f o r  both r a d i i ,  and t h i s  was accomplished within the  
l imi t a t ions  of t he  tes t  loop. A t o t a l  of e igh t  t o  ten  cav i t a t ing  test  
points were accumulated f o r  each sweepback a t  each flow coe f f i c i en t .  

A comparison of the suc t ion  capab i l i t i e s  of t he  r a d i a l  and the  two 
sweptback inducers i s  given i n  f igu re  22. 
flow c o e f f i c i e n t  of 0.084, but  i s  t y p i c a l  of the  other  flow coef f ic ien ts ;  
The addi t ion of sweepback t o  the blade leading edge resu l ted  i n  a size- 
ab le  increase  in suc t ion  performance. This is  f u r t h e r  i l l u s t r a t e d  i n  t h e  
crossplot  of minimum cav i t a t ion  number achieved versus sweepback angle 
of f igu re  22. 
suct ion performance, up t o  the  l i m i t  of sweepback angle t e s t e d  under t h i s  
contract  . 

The comparison i s  shmn f o r  a 

Increases  i n  sweepback lead t o  corresponding increases  i n  

2. Blade Pressure Loading Tests 

A summary of the operat ing points  a t  which the  inducer blade sur face  
pressures were recorded is  given i n  Table 7. D i f f i c u l t i e s  w i t h  the  
"Scanivalve" purge a i r  supply l imi ted  the  amount of blade sur face  pres- 
sure  data  t h a t  could be acquired. 
a i r  pressure a t  t he  Y3canivalvet1 must be higher than the blade sur face  
pressures t o  ensure t h a t  a l l  of the water i s  blown o u t  of each pressure 
t a p  tube before a reading is taken. 
sha f t ,  and subsequently t o  the  valve, through a c a v i t y  formed by two l i p  
sea ls .  
purge pressure dropped below some of the blade sur face  pressures,  parti- 
cu la r ly  i n  the  high NPSH tests and i n  the  a f t  port ion of the  inducer 
during the low N E H  t e s t s .  
from these pressure t ap  tubes and, therefore,  t he  scanivalve readings 
were not, i n l i c a t i v e  3f' the s x f a c e  p r e s x r t .  litteinpts t o  reduce 
s e a l  wear, such a s  introducing cooling water and the use of t e f lon  i n  
place of rubber, were unsucceszful. 

A s  discussed i n  Sect ion I I C ,  the  purge 

The purge a i r  i s  supplied t o  the  

Due t o  rapid wear of the s e a l s  and the r e s u l t a n t  high leakage, 

A s  a r e s u l t  a l l  of the water was n o t  purged 

The majority of t he  measured blade pressure da ta  a r e  usefu l  f o r  
co r re l a t ion  w i t h  predictions because of t h e  apparent accuracy of t h e  
leading edge suction sur face  measurements which were low pressures and 
did not requi re  a high purge pressure. These data a r e  extremely sensi- 
t ive  t o  leading edge sweep and, a s  such, provide most of t he  required 
empirical information regarding the  effects  of sweep on inducer blade 
loading and performance. 
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Table 8 summarizes the  operating poin ts  a t  which useable pressure 
da ta  were taken during the  water loop t e s t i n g  and for which predicted 
and experimental da ta  comparisons were made. 
have been assigned numbers. 
tabulated i n  Tables 9 through 18, Figures 23, 24 and 25 ind ica t e  the  
r e l a t ionsh ip  of these poin ts  t o  the  cav i t a t ing  and noncavitating per- 
formance of the two sweptback inducers. 

These operating poin ts  
The blade and hub pressure da ta  are 
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Table 8. Operating Points Used i n  Computer Program Development 

No. 

8' (.14 rad) Sweepback 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 - 

100 
100 
100 
80 
80 
80 
80 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

0.090 
0.090 
0.084 
0.096 
0.090 
0.084 
0,070 
0.090 
0.070 
0.094 
0.094 
0.094 
0.090 
0.090 
0.090 
0.. 0 84 
0.084 
0,084 

16O (.28 rad) Sweepback 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

0.084 
0.078 
0.070 
0.090 
0.090 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.090 
0.087 
0.084 
0.080 

- 
\k - 

.165 

.165 

.177 

.140 
,164 
.182 
.216 
.163 
,213 
.143 
.148 
.156 
.162 
.162 
.164 
.179 
.178 
.176 

.180 

.193 

.210 

.162 

.161 

.178 

.177 

.167 

.172 

.178 

.176 

.165 

.128 
,176 . 115 

39.1 
20.6 
18.1 
105.6 
LO5 . 6 
L05.6 
105.6 
105.5 
105.4 
60.4 
35.7 
16 .O 
60.7 
37.9 
16.8 
60.2 
37 .O 
17 .O 

11 ' 9  
6.28 
5.52 
32'.2 
32.2 
32.2 
32.2 
32.2 
32.1 
18.4 
10.9 

18.5 
11.6 

18.3 
11.3 

4.88 

5.12 

5.18 

105.5 
105.5 
105.5 
60 .O 
37.2 
60.0 
35.7 
14.5 
13.2 
40.6 
20.9 
25.2 
12.7 
23.4 
12.2 

32.2 
32.2 
32.2 
18.3 
11.3 
18.3 
10.9 
4.42 
4.08 

6.37 
7.68 
3.87 
7.13 
3.72 

12.4 

Run No. 

6 08-3 
6.08-4 
6.09-3 
6.10-1 
6,lO-2 
6.10-3 
6.10-4 
6.11-2 
6.11-4 
6.12-2 
6.12-3 
6.12-4 
6.13-2 
6.13-3 
6.13-4 
6.14-2 
6.14-3 
6.14-4 

7 . 01-3 
7.01-4 
7.01-5 
7.03-2 
7.03-3 
7.04-2 
7.04-3 
7.04-4 
7.04-5 
7.05-2 
7.05-3 
7.13-4 
7.13-5 
7.14-4 
7.14-5 

Radius 

2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
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* * *  * * *  
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' Figure 16. Noncavitating Performance a t  Three . 
Blade Tip Clearances; U = 150 f t /sec 
(45.6 m/sec), NPSH = log f t  (32.3m) 56 
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Figure 18. Noncavitating’ Performance f o r  Three 
Leading Edge Sweepbacks; UT = 150 
f t /sec (45.6 m/sec), NPSH = 106 f t  
( 3 2.3m ) 
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Figure 23. Summary of Noncavitating Performance 
Data Used i n  Computer Program De- 
velopment 
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SECTION I V  
ANALYSIS 

A.  Summary of Hydrodynamic Analyses 

The bas ic  flow analysis  uses a mean streamline,  two-dimensional 
meridional flow model, It i s  assumed t h a t  the average flow conditions 
i n  the blade-to-blade space can be represented on a meridional surface 
s o  t h a t  only a two-dimensional, streamline balancing ana lys i s  t o  s a t i s f y  
r a d i a l  momentum i s  required t o  e s t ab l i sh  mean v e l o c i t i e s ,  pressures  
and flow angles fo r  several r a d i a l  locat ions a t  spec i f ied  axial s t a t ions .  
A vapor cavi ty  i s  assumed t o  e x i s t  a t  a l l  t i m e s  over some f i n i t e  d i s tance  
along t h e  blade suc t ion  sur face  a t  the  inducer i n l e t .  
with t h e  adjacent blade,  forms a channel f o r  each stream tube  which is  
bounded by two meridional streamlines.  
contained i n  t h e  cavi ty  and t h a t  t h e  l i qu id  flows i n  t h e  bounded channel. 
This concept i s  based on t h e  tendency of t he  l i qu id  t o  be separated from the 
vapor due t o  cent r i fuga l  forces a r i s i n g  from curvature of t he  flow i n  the 
blade-to-blade space. Because the vapor merely displaces  the  l i qu id  i n  
the present flow model, i t  i s  considered t h a t  the  ac tua l  blade can be 
replaced by a pseudoblade consis t ing of the  r e a l  blade plus the cavi ty .  
The blade angle i s  replaced by the  mean angle of the  pseudo-blade; i.e., 
the average of the r e a l  blade angle and the angle of the  surface of d i s -  
cont inui ty  between the  vapor and the  l iqu id  measured from the  same 
reference plane, This then produces a l oca l  flow "deviation" caused by 
cavi ta t ion,  which w i l l  add t o  other  deviat ion e f f e c t s .  
e f f e c t s  include leading edge incidence and t r a i l i n g  edge unloading due 
t o  c i r cu la t ion  around the  blades. 

This cavi ty ,  together 

It i s  assumed t h a t  a l l  t he  vapor i s  

These addi t iona l  

Viscous e f f e c t s  are a l s o  incorporated i n  t h e  flaw model. A boundary 
layer  ana lys i s  determines t h e  amount of flow blockage and momentum defect  
due t o  d i f fus ion  and t o  viscous shear forces  a t  t h e  blade surfaces  and on 
t h e  hub and shroud walls. 
iona l  ve loc i ty  t o  increase and reduces t h e  work capab i l i t y  of t h e  inducer. 
The momentum defect  causes the  mass-average t o t a l  pressure t o  be reduced. 
Thus, t h e  v i scos i ty  of t h e  f l u i d  a f f e c t s  both t h e  head input and head 
output. 
formation are a l s o  accounted fo r  i n  the  cavi ty  model. 

B. Tip Clearance Analysis 

The boundary layer  blockage causes t h e  merid- 

The presence of a boundary layer  and i t s  e f f e c t  on t h e  cavi ty  

A t i p  clearance flaw ana lys is  was  prepared and incorporated i n  t h e  
inducer hydrodynamic computer program t o  provide t h e  program with t h e  
capabi l i ty  of predict ing t h e  e f f e c t s  of t i p  clearance on inducer perform- 
ance. 
included i n  t h e  computer program of (2). _. 

The ana lys i s  is  described i n  t h i s  s ec t ion  and i t s  formulation is 

1. General Description of Analysis 

A t i p  vortex flow model was  se lec ted  t o  represent t i p  c learance 
e f f e c t s  based on t h e  work of Rains (4) and Lakshminarayana ( 5 ) .  Obser- 
vat ions of t i p  vortex flow pa t t e rns  Gi th in  inducers and othe; axial flow 



turbomachinery have been reported by these  and other inves t iga tors .  
vortex forms as a r e s u l t  of t h e  d iscont inui ty  between t h e  inducer through 
flow and the  t i p  clearance leakage flow and i s  assumed t o  cons is t  of :  
(1) a c e n t r a l  core  where t h e  f l u i d  r o t a t e s  as a s o l i d  body, and (2) a f r e e  
vortex surrounding the  c e n t r a l  core. 
ve loc i ty  component which i s  normal t o  the  passage through flow and which 
causes a change i n  t h e  flow angle. A t  t he  e x i t ,  t h i s  flow angle change . 

r e s u l t s  i n  add i t iona l  flow deviat ion which reduces inducer i d e a l  head. 
The formation of t h e  vortex requi res  energy, a por t ion  of which w i l l  not 
be recovered and therefore  w i l l  represent  an a c t u a l  head loss, 

The 

The vor tex  induces a secondary 

Rains developed a theory f o r  pred ic t ing  t h e  radius  and c i r c u l a t i o n  
of t h e  vortex core based on constant blade loading along the  chord. 
an inducer blade does not experience constant loading, Rains bas ic  d i f -  
f e r e n t i a l  equations w e r e  incorporated i n t o  the  inducer i n t e r n a l  flow 
ana lys is  and solved for  each s t a t i o n  by t h e  f i n i t e  d i f fe rence  method. 
The spacing of the  s t a t i o n s  was s u f f i c i e n t l y  small t h a t  constant loading 
between s t a t i o n s  could be assumed. Deviation angles which were calculated 
through t h e  d i r e c t  appl ica t ion  of Rains equations were found t o  be un- 
r e a l i s t i c a l l y  l a rge  and a cor rec t ion  f ac to r  w a s  applied t o  t h e  c i r cu la t ion  
t o  br ing i d e a l  head predict ions i n t o  agreement with the  test data .  
cor rec t ion  w a s  based on work done by Lakshminarayana (5) who r e l a t e d  the  
c i r c u l a t i o n  cor rec t ion  t o  a decrease i n  l i f t  with t i p  z learance t h a t  had 
been measured by him and Horlock ( 6 ) .  - 

Since 

The 

T i p  c learance losses  were ca lcu la ted  by the  method of Lakshminarayana 
(5) who derived a semiempirical expression f o r  t h e  decrement i n  e f f ic iency  
as a funct ion of t i p  c learance t o  blade height r a t i o ,  blade angle ,  aspect 
r a t i o ,  flow coe f f i c i en t ,  and i d e a l  head coe f f i c i en t .  The idea l  head used 
i n  t h i s  ca l cu la t ion  was  t he  value t h a t  w a s  obtained using the  empirically 
corrected c i r cu la t ion .  

, 2. Vortex Model Formulation 

The vortex flow model considered i s  shown i n  f igu re  26 where flow 
through the  t i p  clearance from pressure t o  suct ion s i d e  of t he  blade 
causes a vortex t o  form on the  suct ion s i d e  near t he  blade t i p .  The 
vortex r o t a t e s  i n  a d i r e c t i o n  counter t o  the  inducer and i t s  rad ius  
increases  with d is tance  from t h e  leading edge. 

Rains (4) analyzed the  flow by assuming incompressible, l o s s l e s s  flow 
from upstream (W, ) t o  both the  suc t ion  s i d e  (Ws) and t h e  pressure s ide  
(WP) of t h e  blade,  and through t h e  t i p  clearance as shown i n  f igure  27. 
W r e f e r s  t o  a ve loc i ty  vector  which i s  relative t o  t h e  blade.  
leakage flow, which has a ve loc i ty  Wp along the  blade before  passing 
through t h e  clearance,  i s  assumed to* maintain t h i s  component of ve loc i ty  
a f t e r  passing through the  clearance,  relative ve loc i ty  pressures  are 
assumed equal i n  both s ides  of t he  blade,  and the re  i s  assumed t o  be no 
r a d i a l  s tatic pressure gradient  i n  the  t i p  clearance space. 
suct ion s ide ,  t i p  leakage flow has ve loc i ty  Ws because it comes t o  t h e  
same dynamic pressure as suct ion s i d e  flow. 

Tip 

On t h e  
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In t e rac t ion  of t i p  leakage flow with suction s i d e  through flaw is  
shown i n  f igu re  28. 
I'f1 d i r e c t i o n  would see t i p  leakage flowing t o  the  l e f t  with ve loc i ty  
component W s  Sin  ( X / 2 )  and suct ion s i d e  through flaw underneath flowing 
t o  t h e  r i g h t  with ve loc i ty  component Ws Sin  ( X / 2 ) ,  crea t ing  a plane of 
ve loc i ty  d iscont inui ty ,  
ve loc i ty  W = Ws Cos ( x / 2 ) .  

An observer a t  the  blade leading edge looking i n  the  

Both flows would move  away from t h e  observer with 

e 
Rains replaced the  d iscont inui ty  plane with a po ten t i a l  vortex sheet 

Y = 2Ws Sin ( X/2) and extending from the  blade suct ion s ide  of s t rength  
t o  i n f i n i t y  i n  t h e  lLmll d i rec t ion .  
with ve loc i ty  W being continuously formed a t  the  blade leading edge. 

a mirror image of the  vortex and flow f i e l d  i s  constructed a s  shown i n  
f igu re  29. 

The sheet moves i n  the  'y" d i r ec t ion  

To account f o r  4 he condition of no ve loc i ty  i n t o  t h e  inducer outer  w a l l ,  

Each vortex filament i n  a sheet induces a ve loc i ty  i n  every other  
fi lament.  Rains determined t h a t  a p a i r  of semi- inf in i te  vortex sheets  
would induce each other t o  r o l l  up ( f igure  29) and t h a t :  (1) t he  r o l l  
up i s  approximately c i r c u l a r ,  (2) t he  c i r c l e s  remain near ly  tangent t o  
t h e  shee ts ,  and (3) t he re  i s  l i t t l e  s t r e t ch ing  of each sheet as it r o l l s  
up. With these  assumptions t h e  growth and r o l l  up of t he  vortex sheet 
can be computed. 

The rate of change of vortex radius  I r a t 1  can be determined from the  
induced ve loc i ty  (VA) a t  point  'A" ( f igu re  29) .  Due t o  t h e  two s e m i -  
i n f i n i t e  shee ts ,  t h i s  ve loc i ty  is: 

VA = 2 & =  - I n  (1 + - c )  (downward) 
d t  2 7  a 

The r a t e  of change of sheet length llbll r o l l e d  up can be determined 
frqm the  induced ve loc i ty  (Vo) of point "0" ( f igure  29) .  Due t o  t h e  
suct ion s i d e  through flow ve loc i ty  component and the  mirror image r o l l  
up, t h i s  ve loc i ty  is: 

V, = = W, S in  ( . ~ / 2 )  - r (toward blade) 
d t  47r (a*) 

where l l r r l  i s  t h e  c i r c u l a t i o n  of t h a t  por t ion  of t he  sheet which i s  r o l l e d  
up, and "b" is  t h e  length of sheet r o l l e d  up. 

Consider a length of vortex sheet I'd] I t  formed at  t h e  blade leading 
edge and released t o  move i n  the  rrerl d i rec t ion .  Such a sheet i s  shown i n  
f igu re  30. An observer t rave l ing  with the  sheet (and i t s  mirror image) 
would observe the  r o l l  up as a function of t i m e .  Knowing h i s  t ranspor t  . 
v e l o c i t y ( V j  
of pos i t ion  along the  

= df? /d t )  allows descr ip t ion  of t h e  r o l l  up as a function 
I1 axis .  
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or  e =  Y I n  (1 + - c) 
de 47r v j  a 

d l  y 47r (a+c) 
and dh = 1 r - [ ws Sin - - 

Rains then assumes t h a t  f l u i d  in s ide  t h e  r o l l  up (of radius  "af1) 
r o t a t e s  as a s o l i d  body, and t h a t  c i r cu la t ion  of t h e  s o l i d  body ve loc i ty  
f i e l d  i s  equal t o  t h e  c i r cu la t ion  ( r )  of the  r o l l e d  up vortex sheet .  
This allows t h e  angular ve loc i ty  t o  be computed a s :  

r a r c  = - 
2 u  a2 

A summation of t h e  equations t h a t  a r e  used t o  ca l cu la t e  t i p  clearance 
vortex radius  and c i r cu la t ion  i s  as follows: 4 

h = cos-1 (wp/ws) 

The ca lcu la t ions  are performed wi th in  the  inducer i n t e r n a l  flow ana lys is  
fo r  each axial ca lcu la t ion  s t a t i o n .  
s t a t i o n  values and bars  r e f e r  t o  a cumulative s t a t i o n  average. 

Prime superscr ip ts  r e f e r  t o  previous 

After  determining t h e  vortex proper t ies ,  t h e  v e l o c i t i e s  induced by t h e  
vortex are determined by a method similar to t h a t  recommended by 
Lakshminarayana (5). 
of t he  blade passage with t h e  upper edge of t h e  vortex core tangent t o  
the  blade t i p  as shown i n  f igu re  31. 
regions: 
outs ide of t he  vortex core,  t h e  inducedveloc i ty  i s  calculated by 

The vortex i s  assumed t o  be located i n  the  center  

The passage i s  divided i n t o  two 
ins ide  and outs ide  of t h e  vortex core. A t  any r a d i a l  locat ion 

wNC = - r Sinh M - Sinh N 
2 7  Cash M-1 Cash N - 1  
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where M = 

N =  

r =  

27 
7 

(RT - R + a + 2C) - 
2 7  (RT - R - a) - 
7 

Pas sage width 

This component of induced ve loc i ty  i s  normal t o  the  through flow r e l a t i v e  
veloci ty ,  W. The flow deviat ion,Ap , due t o  the  induced ve loc i ty  i s  

A P  Tan'' (wNc> 
W 

Because the  inducer i n t e rna l  flow analysis  i s  based on one dimensional 
flow i n  the  cross channel d i rec t ion ,  a means f o r  averaging the  vortex 
e f f ec t s  on the flow f i e l d  i s  used. Each stream tube i s  divided i n t o  
portions which l i e  within the  vortex core and those which a r e  par t  of 
the induced flow f i e ld .  The normal flow ve loc i ty  i s  integrated over 
each region and area averaged for  the streamtube according to :  

where: A represents  the  cross channel area and the subscr ipts  (P) 
and (I) represent  the forced vortex and i t s  induced flow 
f i e l d  respect ively.  

The average e f f e c t  of t he  vortex on the  r e l a t i v e  flow angle i s  then 
determined fo r  each stream tube by: 

L A 

A P  = Tan -l WNC - w 

The average vortex e f f e c t  ca lcu la t ions  a r e  repeated fo r  each strean 
The change i n  the ve loc i ty  comporent normal tube a t  each a x i a l  s t a t ion .  

t o  the through flow d i rec t ion  i s  a function of t he  vortex s t rength  and a s  
such i s  based on the h i s to ry  of the formation of the  vortex. That is, 
the flow conditions a t  any s t a t i o n  which r e s u l t  from formation of the  
vortex a re  r e l a t ed  t o  conditions from the  leading edge t o  the point i n  
question. 

Preliminary evaluations of the  basic  vortex model resu l ted  i n  pre- 
dicted inducer deviat ion angles which w e r e  u n r e a l i s t i c a l l y  la rge .  
Lakshiminarayana (5) a l s o  evaluated Rains' vor tex model and concluded 
t h a t  predicted c i r cu la t ion  was too large.  
a c'orrection f ac to r  t o  t h e  calculated c i r cu la t ion  based on work h e  
and Horlock had previously done (5) i n  which they measured t h e  
va r i a t ion  i n  l i f t  of an i so la ted  blade wi'tin t i p  clearance. 
l i f t  correct ion is shown a s  a function of clearance t o  blade t i p  spacing 

He  developed and appl ied 

Lakshminaryana's 
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( C / T )  i n  f igu re  32. H i s  correct ion i s  the  broken l i n e  and covers the 
range O.Ol< C / T  < 0.10. C / T  values fo r  the inducer tests were 0.0015, 
0.0028, and 0.0083; a l l  lower than the  range f o r  which Lakshminarayana 
defined a l i f t  correction. New corrections were calculated f o r  these 
C / T  

correct ion being determined from the  experimentally measured inducer i d e a l  
head rise. These correct ions and the  l i f t  correct ion curve f i t  i n  t he  
clearance range C / T  <O.Ol a r e  shown a s  data  points and a s o l i d  l i n e  i n  
f igure  32. 
a r e  qui te  consis tent  with Lakshiminarayana ‘s  corrections.  

30 Loss Model Formulation 

values i n  the  same form a s  proposed i n  (5) with the  value of the l i f t  

The l i f t  correct ions which were defined from the inducer data 
. 

The los s  model used i n  the program was obtained from the work of 
Lakshminarayana ( 5 )  The model includes the parameters; clearance t o  
blade height ratio” ( C / A B ) ,  average blade t i p  metal angle (7 *), Aspect 
Ratio (AR), inlet  t i p  flow coefficient ($) and idea l  head coe f i c i e n t  
($. ). Lakshiminarayana’s expression fo r  the efficiency d i f fe ren t ia l  
duiTfo t i p  clearance is: 

= 0.7 ( 

!! 

/ Sin   TIP 
T i p  clearance loss i s  applied t o  inducer t o t a l  mass averaged Per- 

formance a t  the  inducer e x i t ,  The performance a t  t h i s  Point includes 
the e f f e c t  of 
formation but 
included. 

The mass 
t i p  clearance 
ship: 

i l T C = [  

where : 
I 

q’ 

t i p  clearance on i d e a i  head r ise  by v i r t u e  of t h e  vortex 
the  e f f e c t  of t i p  clearance on ac tua l  head (or loss) i s  not 

averaged head loss  i s  modified t o  include the e f f e c t s  of 
through the  use of Lakshminarayana’s e f f i c i ency  re la t ion-  

Efficiency without t i p  clearance e f f ec t s .  

After  calculat ion of the t o t a l  l o s s  coe f f i c i en t ,  including the  e f f e c t  
o f  t i p  clearance, ac tua l  head r ise  and ove ra l l  eff ic iency a re  calculated 
a s  follows: 

#a TC = *iTC - $’ TC 

‘TC = - &aTC 
# I T C  

I 

where the  subscr ipt  (TC) represents  parameters t h a t  include t h e  effects  
of t i p  clearance. 



C. Leading Edge Sweepback Analysis 

analysis of (1). 
ing  edge shapz i n  t h e  meridional plane as a t h i r d  order  polynominal i n  R 
with constant coef f ic ien ts .  The value of the  coe f f i c i en t s  is input. 
radial leading edge i s  defined by s e t t i n g  t h e  coe f f i c i en t s  equal t o  zero. 
The flow analys is  of the swept and unswept leading edge cases is the same 
and t h e  effects of sweepback are accounted fo r  by assuming t h a t  the an- 
gular  momentun of an element of f l u i d  i n  a streamtube does not change 
u n t i l  the element en te r s  the inducer, Corrections f o r  blade thickness 
and boundary layer blockage are made whenever a streamtube enters the 
blade passage, 

Leading edge sweepback w a s  provided f o r  i n  the  o r i g i n a l  hydrodynamic 
The computer program accepss a descr ip t ion  of the  lead- 

A 

Flow ana lys is  of inducers with leading edge sweepback was complicated 
by d i f f i c u l t i e s  inaomecases i n  obtaining computer program convergence. 
i t e r a t i o n  i s  included i n  t h e  program t o  insure  t h a t  t h e  r a d i a l  pressure 
gradient  t h a t  r e s u l t s  f r o m  the ca lcu la ted  streamtube proper t ies  satisfies 
t h e  gradient  obtained from r a d i a l  momentum. 
r e l a t i v e l y  qu ick ly  f o r  noncavitating cases, b u t  t h e  existence of a vapor 
c a v i t y  on the  blade sur face  of ten  prevents convergence within 100 i t e r a -  
t ions ( the  i n t e r n a l  program l i m i t ) ,  
values i n  these instances reveals  t h a t  no progress toward convergence is 
being made, 
predicted pressure p r o f i l e s  genera l ly  appear to be smooth and reasonable 
except i n  c e r t a i n  cases where highly swept inducers are being analyzed. 
I n  these  cases,  r e s u l t s  were obviously erroneous with negative streamtube 
s t a t i c  pressures  being predicted. 

An 

The i t e r a t i o n  converges 

Inspect ion of  t he  pressure gradient  

I n  s p i t e  of t he  l ack  of convergence on pressure gradient t h e  

Several  modifications t o  the computer program were made i n  an 
attempt t o  improve t h e  i t e r a t i o n :  

1) A l i m i t  on cavi ty  s i z e  changes between i t e r a t i o n s  was added. 

2 )  The amount of streamline adjustment between i t e r a t i o n s  was in-  
creased. 

3)  Streamline curvature and radial acce lera t ion  e f f e c t s  were removed 
from the  radial momentum equation. 

These modifications did not s i g n i f i c a n t l y  improve the convergence, and 
the o r i g i n a l  ca lcu la t ions  w e r e  retained. 

A f i ne r  axial gr id  spacing (2 = 0, .002, etc, ins tead  of 0, ,005, 
e t c )  was then input  i n t o  the  program, and one of the  obviously erroneous 
cases was rerun. 
the radial pressure p r o f i l e  was smooth and reasonable. Vapor cavi ty  
length w a s  a l s o  i n  good agreement with the test data. 
pressure gradient  was c loser  than previously bu t  the e r r o r  is s t i l l  of 
considerable magnitude, A comparison of the predicted pressum p r o f i l e  
from the streamtube calculat ions,  the pressure due t o  radial momentum, 
and the  measured pressures  is shown i n  f i g u r e  33 f o r  an axial s t a t i o n  
.I4 ft. (.Ob2 m) i n s i d e  the leading edge. The measured pressures  a r e  

between the predicted streamtube pressures and the r a d i a l  momentum 

Predicted pressures  were considerably improved, and 

Convergence on 
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pressures, 
properly, the predicted and measured radial pressure prof i les  would be 
expected t o  be i n  good agreement, The f i n e r  grid spacing w a s  found t o  
generally improve the pressure gradient convergence f o r  a l l  axial sta- 
t ions similar t o  the results of figure 33. 

If the pressure gradient convergence i t e r a t ion  had operated 

The general agreement of predicted with measured blade loading and 
performance data (as will be discussed i n  Section V), i n  s p i t e  of the  
lack of pressure gradient convergence, indicates t ha t  these predictions 
were not par t icular ly  sensitive t o  radial  pressure gradient and therefore 
a close tolerance convergence w a s  not  absolutely required fo r  the purpose 
of t h i s  program. 
applicable and i t s  predictions would be more accurate i f  the pressure gra- 
dient i t e r a t ion  converged. 
improve the convergence, 

Undoubtedly, the computer program would be more generally 

Future e f f o r t  might be f r u i t f u l l y  expended t o  
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Figure 33. Comparison of Predicted with Measured R a d i a l  

S t a t i c  Pressures, Radial Leading Edge Inducer. 
83 / 94 



SECTION V 
DATA CORRELATION 

A .  Tip Clearance 

The predicted e f f ec t  of blade t i p  clearance on inducer head coef f i -  
c i en t  and ef f ic iency  i s  compared with experimental data  i n  f igure  34. 
Predicted and experimental i d e a l  head coe f f i c i en t  and head loss coef f i -  . 
c ien t  a r e  compared i n  f i g u r e  35. Actual head and ef f ic iency  predictions 
a re  i n  general agreement with the  experimental data. 
the l e v e l  of e f f i c i ency  and ac tua l  head r i s e  a r e  evident as  well  as some 
descrepancy i n  the  t rend of these parameters with clearance t o  blade height 
r a t io .  

Discrepancies i n  

The experimental data  ind ica tes  an optimum clearance o ther  than zero 
f o r  which the inducer w i l l  achieve maximum performance. 
was discussed by Lakshminarayana i n  ( 5 ) .  H i s  conclusion was t h a t  the  
v o r t i c i t y  s e t  up by the t i p  leakage fiow through formation of the t i p  
vortex opposes the passage v o r t i c i t y  which a r i s e s  from secondary flows 
resu l t i ng  from flow turning and passage rotat ion.  When each of these 
e f f e c t s  cancel, t h a t  is  the n e t  secondary passage vor t ic i tybecomes  zero, 
maximum performance w i l l  r e su l t .  The hydrodynamic program does n o t  i n -  
clude secondary v o r t i c i t y  and as such should not  be expected t o  pred ic t  
t he  optimum clearance observed from the experimental data. 

Predicted and measured i d e a l  head r i s e  a r e  i n  near exact  agreement 
i n  both magnitude and trend w i t h  varying t i p  clearance. The difference 
between predicted and measured ove ra l l  e f f ic iency  and ac tua l  head rise 
therefore  results from an  i n a b i l i t y  to  accurately pred ic t  head loss .  
The loss predictyd a t  0,096 flow coe f f i c i en t  is i n  b e t t e r  agreement with 
the measured data than t h a t  predicted a t  0.084 flow coeff ic ient .  
the i d e a l  head i s  predicted co r rec t ly  f o r  both one would expect b e t t e r  
overa l l  performance agreement a t  the higher i n l e t  flow coef f ic ien t ,  
is  shown t o  be t rue  on f igure  34. 

a re  compared i n  f igu re  36. 
flow coef f ic ien t  was predicted,  the measured data shows no var ia t ion.  
This was t rue for a l l  clearances a t  which the inducer was tested.  The 
discrepancy between the predicted and measured loss i s  probably caused 
by the  grea te r  s e n s i t i v i t y  of predicted cav i ty  s i z e  (and associated dump 
los s )  t o  changes i n  i n l e t  flow coe f f i c i en t  than t h a t  observed from the 
experimental data  . "Nan cavi ta t ingt1 blade loading predictions indicated 
cav i t i e s  which were longer than the measured data and the e r r o r  magnitude 
increased a s  flow coef f ic ien t  decreased, T h i s  cor re la t ion  is discussed 
i n  sec t ion  Blc. Figure 37 shows the t o t a l  predicted loss broken i n t o  i t s  
component losses:  boundary layer ,  cav i ty  dump and t i p  clearance. The 
cav i ty  dump loss decreases vary rap id ly  with increasing flow coe f f i c i en t  
and adjustments i n  it could br ing predicted lossed i n t o  agreement with 
measured data. 

T h i s  phenomena 

Since 

T h i s  

Predicted and measured loss and i d e a l  head VS. flow coef f ic ien t  data 
Although a s ign i f i can t  var ia t ion  i n  lo s s  with 

This greater  s e n s i t i v i t y  of the predicted cavi ty  s i z e  to var ia t ions  
i n  i n l e t  flow coe f f i c i en t  could r e s u l t  from a cavi ty  model inacurracy or 
from inadequate descr ipt ion of the r a d i a l  d i s t r ibu t ion  of i n l e t  flow 



conditions. 
15 the most radially uniform inlet  fiow conditions occurred at  0.096 inlet 
flow coefficient.  
and t i p  axial velocity decreased t o  the point of t i p  backflaw. 
result from this inlet  flow distortion relative to the prediction of 
inducer performance. These are: (1) The inlet  flow profile must be 
defined and there i s  currently no way of predicting the profile for a 
new design and (2) The hydrodynamic computer progran does not converge 
consistently on a solution for highly distorted in let  flow profiles. 
Neither of these problems appear solvable within the scope of the current 
contract. 

Be Leading Edge Sweep 

A s  was i l lustrated i n  (l), figures 75 and 7 6 ,  and i n  figure 

A s  f l a w  coefficient was decreased, prerotation increased 
Two problems 

1. Blade Pressure Loading 

Predicted and measured blade pressure loading p lo ts ,  f o r  the t e s t s  
where purge s e a l  leakage was not  excessive, a r e  shown i n  f igures  38 
through 43 f o r  the 8 deg (.14 rad) and i n  f i g u r e  44 through 47 f o r  the 
16 deg (,28 rad) leading edge t e s t s .  
t i on  point near the  leading edge a t  which the s t a t i c  pressure is equal 
t o  the  r e l a t ive  t o t a l  pressure. 
were well below the measurement l i m i t ,  a s  es tabl ished by avai lable  purge 
pressure, a r e  shown. Most data were 
l imi ted  to the  suc t ion  surface,  and t h e  f i r s t  data point t o  reach the 
measurement l i m i t  is marked with an arrow t o  ind ica t e  t h a t  the ac tua l  
pressure i s  equal to or higher than the plot ted value. Noncavitating 
data a re  shown i n  f igu res  38 and 39 f o r  the 8 degree inducer t i p  streamline 
a t  80% and 100% operating speed. 
shown f o r  d i f f e r e n t  flow coef f ic ien ts  i n  f igures  40, 41 and 42 and mid- 
span streamline data  a r e  shown i n  f igure  43. 
16 degree inducer t i p  streamline a re  shown i n  f igure  44. 
f o r  the t i p  streamline a t  two flow coef f ic ien ts  a r e  shown i n  f igures  45 
and 46 and data a r e  shown f o r  the midspan streamline a t  several  flow 
coef f ic ien ts  i n  f igure  b7. Selected f igures  can be compared t o  obtain an 
ind ica t ion  of the e f fec ts  of rotor  speed, flow coef f ic ien t ,  radius,  and 
NPSH on the pressure d is t r ibu t ions .  

The predicted p lo t s  show a stagna- 

Only those measured pressure points which 

This l i m i t  is  marked i n  the p lo ts .  

Cavitating t i p  streamline data  a r e  

Noncavitating data  f o r  t h e  
Cavitating data 

a. Rotor Speed Effects  

A t rend of increased c a v i t y l e n g t h  a t  higher ro to r  speed was reported 
f o r  the r a d i a l  leading edge inducer i n  (1). 
f l u i d  r e l a t i v e  ve loc i ty  i s  increased a t  zonstant  pressure f o r  increased 
ro to r  speed. 
t h i s  trend f o r  "noncavitating" operation a t  flow coef f ic ien ts  of 0.096, 
0.090, and 0.084. The \e f fec ts ,  o f  rotor  speed f o r  t h e  8 deg (.I4 rad) 
inducer is seen by comparison of p lo ts  f o r  flow coef f ic ien ts  of .090 and 
.070 i n  figures 38 and 39. It should be noted that pressure data  i n  the 
area of a vapor cav i ty  i s  not  properly normalized by t h e  s t a t i c  head 
coe f f i c i en t  because f l u i d  vapor pressure remainscconstant while other  
pressures change with the  square of speed. 
l imited,  it can be in te rpre ted  t o  agree with the r e s u l t s  of t h e  r ad ia l  
leading edge inducer, a s l i g h t  ins rease  i n  cav i ty  length with increased 
ro tor  speed. 

This would be expected s ince  

Both the  measured and predicted r ad ia l  inducer data showed 

Although the measured data is 

Predicted data  f o r  # = .O9O i n  the f igures  a l so  s h m  
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the expected increase i n  c a v i t y  length wi th  speed but  predictions for 
t he  a = .O7O point do not. 
predictions may be due to the previously mentioned computer program con- 
vergence problem. 

The reason f o r  the discrepancy i n  the 9 = .070 

b. Radius Effects 

The e f f e c t  of r a d i a l  locat ion can &e seen by  comparing the  
NPSH = 37.9 p l o t  of f igure  41 with the jd = ,090, NPSH = 39.1 p l o t  of 
f igure  43. 
ex i s t s ,  the predict ions show a s l i g h t l y  higher head coef f ic ien t  f o r  both 
the suct ion and pressure surfaces  fo r  the outer radius. Because of cen- 
t r i f u g a l  e f f e c t s  the s t a t i c  pressure would be expected t~ be higher i n  
the t i p  region. 
data and predictions ind ica te  t h a t  a longer vapor cav i ty  forms on the 
blade a t  the  outer  radius. 
the e f f ec t ive  incidence and flow angle a t  the midspan and 
The incidence decreases a t  the outer  radius  and tends t o  r e s u l t  i n  a 
smaller cavity. 
a longer cavity. 
cav i t ies  a t  the outer  radius. 

C. Flow Coefficient E f fec t  

= .090 

Except f o r  the region near the leading edge where a cavi ty  

This would r e s u l t  i n  higher head coeff ic ients .  'l'he t e s t  

This r e s u l t  can be explained by considering 
outer r ad i i .  

The flow angle i s  decreasing a l so  which tends t o  cause 
The n e t  r e s u l t  of these two e f f ec t s  i s  t o  give longer 

For approximately the same leve ls  of NPSH and the  same values of 
r o t o r  speed and r a d i a l  loca t ion ,  the e f f e c t  of flow coe f f i c i en t  fo r  the 
8 deg (.14 rad) inducer a t  constant NPSH can be determined from the fo l -  
lowing s e r i e s  of f igures:  

NPSH 106 f t  (32.3 m) Figures 38 and 39 
NPSH 60 f t  (18.3 m) Figures 40, 41 and 42 
NPSH 36 f t  (11.0 m) Figures 40, 41 and 42 
NPSH 1 7  f t  ( 5.2 m) Figures 40, 41 and 42 

The predicted data show the  expected increase i n  cavi ty  length a s  flow 
coe f f i c i en t  decreases (due t o  the  increase i n  cavi ty  length with increasing 
incidence and increasing incidence with decreasing flow coe f f i c i en t ) .  
The predicted and measured da ta  fo r  the  r a d i a l  leading edge inducer from 
(l) show t h i s  same trend. The measured data  on these f igures ,  however, 
show much less change i n  cav i ty  length w i t h  i n l e t  flow coe f f i c i en t  than 
the predicted. The differences between predicted and measured data  may 
be pa r t ly  due t o  prerotat ion e f f e c t s  which were not accounted fo r  i n  the 
predictions . 

.For t h e  16 deg (.28 rad) sweptback inducer the following se r i e s  of 
comparisons w i l l  i l l u s t r a t e  the e f f e c t s  of flow coeff ic ient :  

NPSH 106 f t  (32.3 m) F igwe  44 
NPSH 60 f t  (18.3 m) Figures 45 and 46 
NPSH 36 f t  (11.0 m) Figures 45 and 46 
NPSH 1 2  f t  ( 3.7 m) Figure 47 



Thw,conclusion from these comparisons is sir&xar -6-UlatTor t h e  r ad ia l  
and 8 deg sweepback cases. That is, a decrease i n  flow coe f f i c i en t  re- 
s u l t s  i n  an increase  i n  predicted cav i ty  length, espec ia l ly  a t  low levels 
of NPSH, and a smaller than predicted increase i n  measured cav i ty l eng th .  

d. NPSH Effects  

The e f f e c t  of NPSH (or i n l e t  t o t a l  pressure) f o r  the  8 deg (.14 rad)  
inducer can be seen by making a s e r i e s  of  comparisons s imi l a r  t o  t h e  ones 
f o r  flow coef f ic ien t .  
f t / s e c  (45.6 m/s) f igures  40, 41 and 42 show the e f f ec t jo f  decreasing 
NPSH a t  constant  flow coe f f i c i en t s  of  ,094, .090, and ,084, 

A t  t h e  outer  radius  and a r o t o r  t i p  speed of 150 

These comparisons show t h a t  both the measured and predicted data 
ind ica te  increasing cavity length with decreasing NPSH. 
reported f o r  a r a d i a l  leading edge inducer i n  (1) and i s  the  expected 
trend s ince  the  lower i n l e t  pressure r e s u l t s  in-a lower mean pressure 
within the inducer. A l l  pressures tend t o  be reduced i n  d i r e c t  proportion 
t o  the i n l e t  pressures with the  f l u i d  vapor pressure a s  a lower l i m i t ,  
The r e s u l t  of decreasing NPSH is  therefore a longer cavi ty  and a r e l a t i v e l y  
constant blade pressure loading over the region covered by the  cavity.  
The blade loading i s  r ed i s t r ibu ted  so tha t  the leading edge load i s  
reduced but r e l a t i v e l y  high loadings extend fu r the r  i n t o  the  inducer. 

This r e s u l t  was 

Of a l l  the  data taken, only one flow point had pressure measurements 
t h a t  were good outside of the  cav i ty  region. 
flow coe f f i c i en t  of .096 and an NPSH of 105.6 f t  (32.3 m),  i s  shown on 
f igure  3 8 .  Although the  predicted difference i n  blade surface pressures 
agree with the experimental da ta ,  the predicted absolute pressure l eve l s  
f o r  both suction and pressure surfaces a re  grea te r  than measured. 

This da ta ,  which i s  f o r  a 

Since the remainder of the data taken f o r  the other flow points was 
only accurate i n  t h e  region of the  vapor cavi ty  i t  i s  not possible t o  
estimate the agreement between measured and predicted loadings. The lack  
of data  a l s o  prevents an indicat ion of how the suction s i d e  pressures 
recover a f t e r  the cav i ty  collapses.  It should be noted, however, t h a t  
the  agreement between predicted and measured cavity length i s  reasonable. 

of flow coe f f i c i en t  and NPSH, which indicates t h a t  the  program modifi- 
cations made t o  account f o r  sweepback are adequate f o r  an 8 deg sweep- 
back. 

. The data  comparisons show the  expected trends when considering the e f f e c t s  

The influence of decreasing NPSH on blade loading a t  16  deg (.78 rad) 
sweepback can be seen i n  f igure  45 f o r  a flow coe f f i c i en t  of ,090 and i n  
f igure  46 f o r  a flow coe f f i c i en t  of .084. These comparisons show the  
expected trend of increasing cavity length with decreasing NPSH t h a t  was 
noted i n  the r a d i a l  leading edge and 8 deg sweepback cases. The pre- 
d i c t ions  show good agreement wi th  the  data .  
loading and extension of the region of high loading fu r the r  i n t o  the  
inducer passage with decreasing NPSH i s  noted again a s  i t  was f o r  t he  
r a d i a l  leading edge and 8 deg sweepback cases. 

The reduction of leading edge 
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e. Sweepback Effec ts  

By considering the  8 and 16 deg sweepback predicted and measured . 
data separa te ly ,  i t  has been concluded t h a t  t he  inducer program generates 
cav i ty  length predictions t h a t  a r e  i n  reasonable agreement with the  t e s t  
data.  The e f f e c t s  of sweepback a s  observed experimentally and a s  pre- 
dicted by the  inducer program can be evaluated from the  following com- 
parisons of 8 with 16 deg data:  

Figure 39 with 44 at: an NPSH of 106 f t  (32.3 m) and 'iii = ,070 
Figure 41 with 45 a t  an NPSH of 60 f t  (18.3 m) and = .090 
Figure 42 with 46 a t  an NPSH of  60 f t  (18.3 m) and = .084 
Figure 41 with 45 a t  an NPSH of 37 f t  (11.3 m) and 3 = .090 

A comparison of the two s e t s  of sweepback data with r a d i a l  da ta  could 
not  be made s h c e  there were no measured data  f o r  corresponding operating 
points (equal NPSH, flow coef f ic ien t ,  ro to r  speed, and r ad ia l  locat ion)  
f o r  the three  cases. 
8 deg and 16 deg sweepback pressures was small with the  exception of 
.070 flow coef f ic ien t  point which showed a considerable difference. 

I n  general, the  predicted d i f fe rence  between the 

A p l o t  of predicted and measured ax ia l  cav i ty  length as a function 
of cav i ta t ion  number f o r  t h e  t i p  streamline is  shown i n  f i p r e  48. 
Axial cav i ty  lengths were taken a s  the  dis tance from the leading edge 
t o  the  point of cav i ty  col lapse from the plots  of f igures  38 through 47. 
Since the measured col lapse point cannot be p rec i se ly  defined, t he  
deepest (within the inducer) suction sur face  pressure tap  t o  measure 
vapor pressure and the  f i r s t  t o  measure a pressure above,vapor pressure 
a re  shown on f igu re  48. It can be assumed t h a t  t h e  cav i ty  collapsed 
between these pressure taps. The predicted cavi ty  lengths  f o r  t h e  r ad ia l  
inducer a re  not  shown because they were generated with a e a r l i e r  cav i ty  
model fo r  the r epor t  of ( l ) ,  The cav i ty  model has s ince  been re f ined  a s  
reported i n  (2) and the re f ined  version was used t o  generate predict ions 
f o r  t h e  8 and 16 deg (.14 and e28 rad) swept inducers. Predicted data  
were i n i t i a l l y  generated with a coarse grid breakup (24  a x i a l  s t a t ions  
and 7 streamtubes) f o r  the 8 deg ( . l4 rad)  inducer and a f i n e  g r id  
breakup (48 ax ia l  s t a t ions  and 11 streamtubes) f o r  t h e  16 deg (.28 rad)  
inducer. I n  some cases, the  f i n e  g r id  was necessary f o r  t h e  16 deg. in- 
ducer t o  obtain program convergence a s  discussed i n  Section IV-C, Grid 
spacing was l a t e r  found t o  e f f e c t  cav i ty  length,  a s  w i l l  be discussed i n  
subsequent paragraphs, and a high and low NPSH point f o r  the 8 deg. in -  
ducer were reanalyzed with a f i n e  gr id  spacing. The f i n e  spacing would 
be expected t o  yield more accurate predictions.  The f i n e  spacing did no t  
appreciably change t h e  predicted cav i ty  length a t  high NPSH but it caused 
the predicted length t o  increase a t  low NPSH. 
cavi ty  length predictions fo r  the 8 deg 
i n  accord wi th  the more accurate two f i n e  g r id  predicted points,  This 
adjusted curve is shown i n  f igu re  48 and can be compared with the f i n e  
grid 16 deg inducer curve. 

The o r i g i n a l  coarse gr id  
inducer were therefore  adjusted 

The predicted 8 and 16 deg cavi ty  length  curves show l i t t l e  e f f e c t  
The predicted l i n e s  a r e  r e l a t i v e l y  close of sweepback on cavi ty  length. 
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a t  high and moderate values of NPSH, then tend to diverge a t  a cavi ta t ion 
number of approximately ,08. Below e 0 8 9  t he  16 deg cav i ty  lengths a r e  
sho r t e r  than the  8 deg. Measured data  a re  not  s u f f i c i e n t l y  complete to  
conclusively define the e f f e c t  of sweep on cav i ty  length b u t  they  dlso 
ind ica te  t h a t  t he re  i s  l i t t l e  e f f e c t  a t  cav i t a t ion  numbers down to appro- 
ximately 0.1. Below 0.1, the 16  deg sweep cav i ty  lengths  appear to be 
sho r t e r  than the 8 deg and r a d i a l  inducer data. 
numbers, the measured e f f e c t  of sweep on cavi ty  length i s  greater  than 
the predicted e f fec t .  

A t  these  low cavi ta t ion  

A l l  of the predicted r e s u l t s  have been generated with the  assumption 
of no i n l e t  prewhirl. 
i nd ica t e  t h a t  non-constant d i s t r ibu t ions  of flow angle, a x i a l  ve loc i ty ,  
and t o t a l  head a r e  present. Since i n l e t  va r i a t ions  can be input t o  the 
computer program (backflow conditions expected), an attempt was made t o  
def ine t h e  influence of prewhirl on the  predicted da ta .  A t yp ica l  dis-- 
t r i b u t i o n  (based on t raverse  data) of i n l e t  parameters was used for  pre-  
d i c t ions  of blade loadings f o r  both r a d i a l  and 16 deg sweepbacks. T h e ,  
agreement between t e s t  da ta  and the predictions with prewhirl was not a s  
good ab Previously. For this reason, a l l  of the predict ions were gene- 
ra ted  f o r  constant i n l e t  conditions. 

However, r a d i a l  t raverses  of t he  inducer i n l e t  

As previously mentioned, the  predict ions were found to be somewhat 
s ens i t i ve  t o  the  input  g r i d  pa t te rn  (number of streamlines and number of 
a x i a l  s t a t i o n s ) .  A comparison of predicted and measured data ,  where the  
predictions were generated with both a coarse and a f i n e  gr id ,  is  shown 
in f igu re  49 f o r  t h e  r a d i a l ,  5’0 f o r  8 deg (.l4 rad) and 5’1 for t h e  16 
deg (,28 rad) inducers. Each f igu re  shows the data  f o r  both a coarse 
and a f i n e  gr id  a t  a high and a low NPSH operating point. Coarse and 
f i n e  g r id  pat terns  a r e  defined as follows: 

No. of No. of Axial Axial S t a t ion  
Streamlines S t a t  ions Spacing a t  I n l e t  

Coarse 
Fine 

NI 

7 
11 

- N J  - 
25 .005 f t  (.0015 m) 
48 .002 f t  (.0006 m) 

I High and moderate NPSH predictions were not s e n s i t i v e  t o  g r id  pa t te rn  but 
the  low NPSH predictions with the  f i n e  g r id  a r e  i n  b e t t e r  agreement with 
the  measured data.  

There a r e  several areas i n  which more work could r e s u l t  i n  improved 
da ta  correlat ion.  
and the  sweepback-prewhirl i n t e rac t ion  would help t o  remove one of the  
biggest unknowns i n  th i s  study. Also, there are two area8 of possiblo I 
improvement of the  inducer hydrodynamic computer program. The f i r s t  of ’ 

primary par ts .  The f i r s t  i s  the growth t o  maximum conditions, and the  
second i s  the  cav i ty  collapse.  Each of these par t s  a r e  not a s  w e l l  
ref ined a s  possible. I n  determining t h e  cavity growth the program has 
the  tendency of predicting the  dis tance t o  maximum height too long, 

An accurate d e f i n i t i o n  of the influences of prewhirl 

I these i s  i n  the  bas ic  cav i ty  model. The t o t a l  cav i ty  i s  made up of two 
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espec ia l ly  f o r  low flow coe f f i c i en t s .  
approximate, based on l imi ted  e m p i r i c a l  data,  and could be improved i f  
more da ta  were ava i lab le .  The d e t a i l s  of the  work done on the cavi ty  
model a r e  given i n  (3). 
the  blade loading predictions could be improved by solving these problems. 
The second program weakness l ies  i n  i t s  method of determining the  r a d i a l  
pressure gradient.  Since t h i s  procedure a f f e c t s  a l l  of t he  s t a t i c  pres- 
sures  i n  the  flow f i e l d ,  an improvement i n  t h i s  area would be s ign i f i can t .  
The method of calculat ing the  r a d i a l  pressures involves an i te ra t ive  
procedure t h a t  does not  converge fo r  many cases. 

The cavity collapse model i s  only 

Both of these a f f e c t  the cavity length so  t h a t  

I n  s p i t e  of a l l  of these problem areas ,  it i s  concluded t h a t  the 
comparison of predicted and measured loadings i s  reasonably accurate fo r  
each of the 8 deg and 16  deg sweptback inducers. 

2. Performance 

a ,  Noncavitating 

t h a t  describe t h e  performance a r e  i d e a l  head, $i, and head l o s s , $ +  . 
Idea l  head is a measure of  the  amount of head t h a t  could be generated 
by the inducer without losses ,  and  t h e  head l o s s  is a measure of t h e  
inducer i n t e r n a l  l o s s e s  r e s u l t i n g  from cavi ta t ion  and viscous e f fec ts .  
Actual head coef f ic ien t ,  
idea l  head and head l o s s  by 

For noncavitating conditions, t h e  two independent head coef f ic ien ts  

$a, and efficiency, TJ , are r e l a t e d  t o  the  

Figure 52 compares the predicted var ia t ion of idea l  head and head 
l o s s  with flow coef f ic ien t  t o  t h e  measured data f o r  the three  sweep- 
back configurations, and Figure 53 shows the same comparison f o r  a c t u a l  
head and eff ic iency.  
while t h e  predicted head l o s s  trend does not match t h e  t e s t  data. 
Since the a c t u a l  head and eff ic iency are defined i n  terms of i d e a l  head 
and head loss,  t h e  lack of agreement i n  predicted VS. measured head 
l o s s  is  r e f l e c t e d  i n  t h e  a c t u a l  head and ef f ic iency  comparisons. To 
b e t t e r  ind ica te  t h e  e f f e c t s  of sweepback on performance, the  compar- 
isons of Figures 5 2  and 53 have been replot ted,  vs. sweepback angle i n  
Figures 54 and 55, respectively.  

The agreement i n  idea l  head is  r e l a t i v e l y  good, 

+*en the leading edge of a n  inducer blade is  swept back, the  blade 
length and s o l i d i t y  decrease. 
of the  s o l i d i t y  (see (1)) and t h e  idea l  head is dependent upon t h e  e x i t  
deviation, sweepback cEanges the i d e a l  head. 
of s o l i d i t i e s  of t h e  t es t  inducers (2.9 f o r  t h e  r a d i a l  leading edge t o  
2.4 f o r  the  16' (.28 rad) sweep)the e f f e c t  on deviation is small, with 
the estimated l o s s  i n  i d e a l  head being 0.2% f o r  an 8' sweepback, and 
0.4% f o r  a sweepback of 16'. As shown i n  Figure 54, t h e  measured var- 
i a t i o n  of idea l  head with sweepback was small f o r  a l l  flow coef f ic ien ts  
except ,070 and t h e  agreement between predicted and measured idea l  
head is good except a t  the  .070 flow coeff ic ient .  

Since the exi t  deviation is a function 

However, over t h e  range 
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The predictions of head loss in Figure 54 indicate that the head loss 
increases with sweepback while the data shows a bucket characteristic 
(decreasing head loss to a minimum value and then increasing) with the net 
result being a decrease of head loss from the radial configuration. 

Part of the lack of agreeyent between the predictions and data may be 
All of the * due to the inlet prewhirl and prewhirl-sweepback interaction. 

predictions of performance were generated with the assumption of no inlet 
prewhirl so that some lack of agreement would result from the fact that 
the data was measured with inlet prewhirl. A better determination of the 
effects of prewhirl will allow a more complete assessment of the agreement 
between measured and predicted performance. 

In Figure 55 the level of the actual head predictions agree fairly 
well with the data, but they do not show the same trend with sweepback as 
the data shows. 
is dependent on flow coefficient and becomes greater as flow coefficient 
decreases. 
ideal head and head loss, the variation of head loss with sweepback is 
reflected in the curves of Figure 55. 

The discrepancy between measured and predicted actual head 

Since the actual head and efficiency are dependent on both the 

When the blade loading investigation was being made, the computer 
program input grid (number of streamlines and numbers of axial stations) 
was revised in an attempt to solve problems that developed when the 16' 
sweepback case was being run. Since it was shown that the fine grid would 
tend to improve the agreement between predicted and measured loadings, the 
influence of the fine grid on performance was evaluated. 
the predicted performance for a fine and normal grid with the test data at 
a flow coefficient of 0.084. The ideal head is increased by the fine grid, 
and the shape of the head loss curve agrees better with the data. Since 
the data includes the effect of prewhirl and the predictions do not, this 
may explain the difference between the measured and the revised prediction 
of ideal head. The revised head loss prediction is approaching the bucket 
Characteristic of the data, and the agreement with data is much better 
than with the normal grid. A better definition of the cavity growth and 
of the remainder of the flow field is the best explanation for the improve- 
ment in the head loss prediction with a fine grid. 

Figure 56 compares 

b. Cavitating 

The cavitating performance of an inducer is usually evaluated by 
determining the point at which head break down occurs as NPSH is lowered 
at a constant flow coefficient. Figure 57 shows the head fall off curves 
for the radial and swept leading edge inducers. The experimental data 
indicates that increasing the leading edgelsweepback lowers the NPSH at' 
which the-head falls off. This trend is duplicated by the predictions 
although the-sharp fall off of the data is not obtained. Both the data 
and predictions show that the cavitating performance of an inducer can be 
improved (suction specific speed increased) by sweeping back the leading 
edge. 
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C L E A R ~ ~ ~ C ~ ~ ~ D E  HEIGHT DF 91312 

Figure 34, A Comparison of the Predicted and 
Experimental Effects of Blade Tip 
Clearance on Induces Head Coeffi- 
c ient  and EfTiciency 
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Figure 35. A Comparison of the Predicted and 
Experimental Effects of Blade Tip 
Clearance on Inducer Ideal Head Co- 
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DF 92705 

DF 92706 

r e  49. Effect’of Grid Size on Blade Pressure Predictions,  
&dial Inducer. 



DF 92707 

j DF 92708 

Figure 50. Effect of Grid Size on Blade Pressure Predcictions, 
8 deg (.14 rad) Sweepback Inducer. 
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Figure 51. Effec t  of G r i d  Size on Blade Pressure Predictions,  
16 deg (,28 rad) Sweepback Inducer. 
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DF 92711 

Figure 52, Measured and Predicted Variation of I d e a l  Head and Head 
Loss w i t n  Flow Coefficient (Noncavitating), 
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DF 92712 

Figure 53. Measured and Predicted Variation of Efficiency and Actual 
Head with Flow Coeffbient- (NoncavitatLng ). 
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Figure !&. Measured and Predicted Variation of Ideal IHead and Head Loss 
wi. th Sweepback (Noncavitating) 
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Figure 55. Measured and Predicted Variation of Effikiency and Actual 

Head with Sweepback (Non,cavitating), 
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Figure 56, Effect of Input G r i d  Size on Predicted Inducer Perfonknce. 
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SECTION V I  
CONCLUSIONS AND RECOMMENDATIONS 

A.  Conclusions 

1 .  The t i p  clearance flow model i s  an improvement t o  the  hydrodynamic 
computer program. Idea l  head vs. clearance predict ions were i n  excel lent  
agreement with the  measured da ta .  Loss (and ef f ic iency)  co r re l a t ions  
were improved r e l a t i v e  t o  previous, no-tip-clearance co r re l a t ions  bu t  
t he re  is  apparently room f o r  fu r the r  improvement i n  the  lo s s  pred ic t ions .  
The measured da ta  show a lo s s  "bucket" i nd ica t ing  an optimum clearance 
while t he  flow model cannot p red ic t  such a bucket. 

2. Blade pressure loading d a t a  were not s t rongly e f fec ted  by leading 
edge sweepback a t  i n l e t  pressures where cav i t a t ion  c a v i t i e s  were r e l a t i v e l y  
s m a l l  and blade loadings h ighes t .  Differences between predicted and 
measured da ta  were a l s o  s m a l l  i n  t h i s  region. Predicted da ta  d i f f e r s  
considerably from the measured when c a v i t i e s  are r e l a t i v e l y  l a rge  (grea te r  
than 30% of inducer a x i a l  length) and the predicted d a t a  shows a trend 
of tdecreasing'cayity s i z e  with sweepback. This predicted trend i s  i n  
agreement with the  measured trend. Differences between predicted .and 
measured data may be associated with i n l e t  flow prerotat ion.  

3. 
sweepback on noncavitating performance. Idea l  head predict ions are i n  
good agreement with the measured da ta  but  l o s s  predict ions d i f f e r  con- 
s iderably .  The measured d a t a  ind ica te  the exis tence of an optimum 
sweepback bu t  predicted lo s s  gradually increases with sweep. Differences 
between predicted and measured d a t a  may be associated with p re ro ta t ion  
which w a s  no t  accounted f o r  i n  the  ana lys i s  and/or with cav i ty  losses .  

The sweepback model does not adequately account f o r  the  e f f e c t s  of 

40 The sweepback model adequately pred ic t s  the  e f f e c t s  of sweepback on 
cav i t a t ing  performance. Measured and predicted suc t ion  s p e c i f i c  speed 
capab i l i t y  increase as sweepback increases . 
B . Recommendations 

1, 
more accurate predict ions f o r  swept, cav i t a t ing  inducers. 

20 

The inducer computer program convergence should be improved t o  permit 

The inducer cav i ty  model should be re f ined ,  t o  improve blade loading 
and lo s s  pred ic t ions .  This could be accomplished by conducting addi t ional  
inducer tests over a wide range of i n l e t  pressures and flows, determining 
cav i ty  geometries through s t a t i c  pressure measurements and/or laser 
velocimetry, and c o r r e l a t i n g  the  da t a  aga ins t  predict ions.  

3. 
developed. The model could be empirical and based on previous inducer test 
data . 

A model f o r  t h e  predict ion df i n l e t  prerotat ion flow p ro f i l e s  should be 
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A PPEU DIX 

Nomenclature 

Symbol Description Units 

A 
a 
AR 
b 
C 
g 
H 
h 

HI 
k 
Ti e 

% 

m 
M 
N 
Mss 
N I  
N J  
N E  €I 
PT 
Q 
QI 
R 
UT 
V 
Irl 
Z 
a 

r 

'I 
Y 

x 

Q 
9 

Channel flow area 
Vortex radius  
Aspect r a t i c  , average blade height / t ip  chord 
Length of w r t e x  shee t  ro l led  up 
Tip clearance 
Gravita t i G  na l  constant 
Total  head 
S t a t i c  head 
Fluid vapor head 
Idea l  head r i s e  
Fraction of l i f t  retained a t  the blade t i p  
Blade t i p  cavi ta t ion number 
Distance along t i p  vortex ax is  P 

Distance noma1 t o  the  1 di rec t ion  
Defined i n  t e x t  

RPM 6) Defined i n  t e x t  
Suction spec i f i c  speed ( conventional .-le 
Number of r ad ia l  s t a t ions  or streamlines WSH"' 
Number of a x i a l  s t z t ions  
Net posi t ive suct ion head 
Total  Pressure 
Volme flow 
Integrated volume flow from t raverse  
Radius 
Inducer t i p  v ?lo c i t y  
Fluid absolute ve loc i ty  
F lu id  r e l a t i v e  veloci ty  
Axial d i s  tanc e 
Sweepback cone angle or flow angle from tangent ia l  
Induced r e l a t i v e  flow angle 
Blade angle from tangent ia l  
Circulation 
Vortex Strength 
Efficiency 
Angle between suction and pressure s i d e  r e l a t i v e  
vploc i t ies  a t  the  t i p  
Fluid dens i ty  
Flow coe f f i c i en t  
Head coe f f i c i en t  
Actual head coef f ic ien t  
Idea l  head coe f f i c i en t  
Head loss coe f f i c i en t  
Blade s t a t i c  head coe f f i c i en t  
Angular ve loc i ty  
Blade s o l i d i t y  
Blade tangent ia l  spacing 

L2 
L 
D' l e s s  
L 
L 
LT-2 
L 
L 
L 
L 
D t  less 
D'less 
L 
L 

U'less 
D1 less - 
L 
F L-2 
L3 T-1 
L3 Tml 
L 
LT-1 
LT-1 
LT-1 
L 

Deg. o r  Had 
Deg. o r  Rad 
Deg. cr Rad 

L2 T-1 
LT-1 
D'less 

Deg. or Rad 

Dt l e s s  
D' l e s s  
D' l e s s  
Dt less 
D'less 
D t  e s s  

D' l e s s  
T- 1 
L 
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Superscr ipts :  
4 Previous value - Average value 

Subscr ipt  

e 
F 
H 
I 
i - - 
j 
NC 
0 

P 

T 
TC 

s 

U 
Z 
a, 

Inducer e x i t  
Forced vortex 
Inducer hub 
Induced flow f i e l d  
Radial s t a t i o n  
Axial s t a t i o n  
Induced ve loc i ty  
Inducer i n l e t  
Pressure sur face  
Suction surf  ace 
Inducer t i p  
Tip clearance 
Tangential cornpone n t  
Axial cohponent 
Upstream 
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BOX 2013 - South Amex 

Attn: Library 

McDonrmeIl Douglas Aircraft Corporation 
P. 0. Box 516 
Lambert Field, Missouri 63166 

Attn: Library 

McDonnell Douglas Astronautics Company 
Western Division 
5301 Bolsa Avenue 
Huntington Beach, California 92647 

1 

1 

1 

1 

1 

1 

Attn: Library 1 



Pesco Products 
Division of Borg-Warner Corp. 
24700 N. Miles Road 
Bedford, Ohio 44146 

Rocketdyne, A Division of 

6633 Canoga Avenue 
Canoga Park, California 91304 

North American Rockwell Corporation 

Attn: Library, Dept. 596-306 
J. Hale 
K. Rothe 
R. K. Hoshide 
J. A. King 
J. K. Jacobsen 

Rocket Research Corporation 
520 South Portland Street 
Seattle, Washington 98108 

Sundstrand Corporation 
Hydraulics Division 
Rockford, Illinois 61101 

Sundstrand-Denver 
Industrial Products Group 
2480 W. 70th Street 
Denver, Colorado 80221 

TRW Systems 
One Space Park 
Redondo Beach, California 90278 

Attn: STL Tech. Lib. Doc. 
Acquisitions 

United Aircraft Corporation 
Corporation Library 
400 Main Street 
East Hartford, Connecticut 06118 

Attn: Library 

United Aircraft Corporation 
Pratt & Whitney Fla. Res. Development Center 
P. 0. Box 2691 
West Palm Beach, Florida 33402 

Copies 

1 

1 

1 

1 

1 

1 

Attn: Library 
J. Hill 

1 
1 
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United Aircraft Corporation 
United Technology Center 
P. 0, Box358 
Sunnyvale, California 94088 

Attn: Library 

Worthington Corp. 
Advanced Products Division 
Harrison & Worthington Avenues 
Harrison, New Jersey 07029 

Dr. George F. Wislicenus 
4641 E. Coronado Drive 
Tuscon, Arizona 85718 

California Institute of Technology 
Pasadena, California 

Attn: Dr. A. Acosta 

Iowa State University 
Ames, Iowa 

Attn: Dr. George Serovy 

Pennsylvania State University 
State College, Pennsylvania 

Attn: Dr. B. Lakshminarayana 

Scanivalve Cow. 
P. 0. Box 20005 
San Diego, California 92120 

Attn: J. C. Pemberton 

Copies 
. .  

1 

1 

. 
1 

1 

1 

1 

1 
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